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Introduction 
 
 
 
 
Self-assemblies of functional materials for 
organic photovoltaic devices 
 
 
 
 
 
 
 
 
The greatest challenge to any thinker is stating the problem in a way that will allow a 
solution. 
Bertrand Russell 
 
  
10 
 
1 Self-assemblies of functional materials for organic photovoltaic 
devices 
The growth of the world population and industrial activity together with a rapid decline of the world’s 
main power source, oil, drives humanity to look for alternative energy sources. The so called “energy 
crisis” gained general attention after consistently worrisome reports by climate panels, environmental 
lobbies and scientific institutes about the global energy consumption and consequences for the Earth’s 
climate. The enormous population growth (1 billion in 1800 vs. 7.3 billion in 2014) and the rise of the 
economies of China, India and Brazil enormously enhanced the global energy demand, which is still 
growing. In last two decades electricity demand doubled, being 8.29 x 10
13
 kWh in 1980 and 19.21 x 
10
13
 kWh in 2013.
1,2
 As of now, there are mainly three energy sources, which deliver almost 90 % of 
daily energy consumption – oil, coal and natural gas (see Figure 1).3 With the prospects of the limited 
amounts of fossil fuels and the alarming reports on global warming caused by carbon dioxide 
emission, released by fossil fuel consumption, other energy sources attract more and more attention. 
Nuclear power proved to be a very efficient and cheap energy source. Nonetheless, the disasters in 
Chernobyl (Ukraine, 1986) and Fukushima (Japan, 2011) showed that world needs other durable, 
sustainable and more environmentally friendly energy sources. Even if renewables cover only 3 % of 
the whole energy consumption, it grew 12 % for the last year (2014) and quadrupled in the last decade 
(2004-2014). This large growth is not a surprise, knowing the output of those energy sources. The 
most powerful renewable energy source is the Sun light. In 90 min enough sunlight strikes the Earth to 
provide the entire planet’s energy needs for one year (198 W m2 s-1 or 885 million TWh per year).4 
Figure 1. Energy consumption diagram, showing the current contribution of renewables. Data was obtained from BP 
(retrieved 04-07-2015).3 
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The full solar energy collection process, however, is still not domesticated by humankind and only a 
tiny portion of solar energy’s potential is used. This is mainly due to the lack of relatively cheap and 
efficient technologies. Around the world, countries and companies are investing in solar generation 
capacity on an unprecedented scale and, as a consequence, cost continues to fall and technologies 
improve. The photovoltaic (PV) cells for generation and storage of electricity, however, still face 
many technological problems. The enormous attention for PV energy is mirrored in the research effort 
directed at improving PV devices (solar cells). A wide variety of photovoltaic devices exist, based on 
different materials. Figure 2 gives an overview of the most widely used photovoltaic systems and 
their performance over the last decades.  
   PV devices can be divided into two broad categories. The first category comprise inorganic 
photovoltaics, that use either relatively thick layers of silicon or thin layers of other inorganic 
semiconductors (GaAs, CdTe, etc.). In these cells, the inorganic semiconductor both absorbs light and 
converts it into electricity. The other, more recent class of devices consists of emerging photovoltaics. 
Organic photovoltaics, member of this category, had a large rise in interest from the scientific 
community in 2010. These cells use small conjugated dye molecules or conjugated polymers and have 
the benefit that they are more suitable for unconventional uses and requirements – e.g., greater 
flexibility or easier production of a large area solar cell device. Aside from the target usage, a 
significant reduction in both manufacturing and material cost, compared to conventional solar cells 
from the first category, is realised.
5
 One of the major disadvantages of organic PVs, however, is their 
low quantum efficiency (only a small percentage of incident photons are converted into electric 
Figure 2. The best research - photovoltaic devices. Chart was obtained from NREL (data retrieved 04-03-2016).194 
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energy), resulting in a lower PCE. The current PCE record lies at 12.0 %,
6
 which is considerably lower 
than current silicon cells. However, this is a major achievement compared to the 3 % efficiencies in 
2001.
7
 Another drawback of OPVs is their reduced stability to oxidation and reduction compared to 
inorganic materials. The presence of water vapor and oxygen, light, recrystallization and temperature 
variations cause degradation of organic solar cells, which lowers their overall efficiencies.
8–10
 For the 
improvement of OPV devices, two major approaches can be distinguished. The first one is the 
improvement of existing organic molecules, by enhancing the optical absorption over a broader 
wavelength range (extending it to 750-850 nm) and raising its charge mobility. The second approach 
is to control morphologies by developing molecular (nano)architectures. Ideally a combination of both 
approaches is required. 
   Clearly, photovoltaic power is one of the most promising directions in a very active topic of 
renewable energy sources. In this thesis, investigations focus on an improvement of OPV devices, 
mainly focusing on the second approach – building controlled arhitectures of the active layer of OPV 
devices. In the following paragraphs of the introduction chapter, the main working principles of 
classical inorganic photovoltaics and organic solar cells are briefly explained, suitable donor/acceptor 
materials are reviewed, the influence of the active layer structure to the performance of OPVs is 
discussed and finally ways to assemble functional materials into so called “ideal” structures are 
considered.  
1.1 Classical photovoltaics 
The photovoltaic effect, used by any type of photovoltaic devices to convert solar radiation into the 
direct current electricity, was discovered by French physisist Alexandre-Edmond Becquerel in 1839. 
Photons excite electrons from their ground state in the valence band to an excited state in the 
conductance band, thus creating a voltage across the device, with a corresponding current. In the 
absense of junction-forming materials, the free electrons cannot move and eventually fall back to the 
ground state. Any dissimilarities in the materials provide a voltage, where one side of the junction is 
oppositely charged than the other side. The built-in electric field forces the electrons to move to lower 
energy states, as nature always tries to achieve the lowest energy possible. The photovoltaic effect can 
continue to provide voltage and current as long as light continues to fall on the two materials. The 
device built-in field then makes sure the charge carriers move towards their respective electrodes.
11
 
Roughly 44 years after Becquerels discovery of the photovoltaic effect, the first photovoltaic device 
was created by Charles Fritts. It was based on selenium and showed an efficiency of only 0.5 %. The 
first significant improvement came only in the 1950s with the devices constructed by Bell Labs, 
surpasing the efficiencies of around 6 % by switching to p- and n-doped silicon as the basis for their 
devices, designed for use in space applications.
12
 Only in 1970’s, when the prices were reduced 
significantly, silicon PVs became available for the consumer market. Subsequent improvement of PV 
13 
 
technologies not only enhanced efficiences of the devices, but also lowered their prices. A classical 
single-bandgap device has a theoretical efficiency limit of 29 % for a bandgap of 1.35 eV, the well-
known Shockley-Queisser limit.
13
 Multi-junction cells, consisting of several electrically connected 
solar cells stacked on top of each other, have much higher limits. The best performing cells currently 
consist of four-junction, using concentrated light and giving an efficiency of 46 %.
14
 
1.2 Organic solar cells 
Polymer or organic solar cells present the great potential to reduce the costs of solar cells and 
environmental impact, and to enhance scalability and usage possibilities in unconventional 
applications. Since the active materials used for device fabrication are often soluble in most common 
organic solvents, polymer solar cells have a potential to be flexible and to be manufactured in a 
continous printing process; as printing a newspaper.
15–17
  
Device structure. A common organic PV device consists of an active layer sandwiched between two 
electrodes. Traditionally, the device is built by stacking several layers of materials on top of a semi-
transparent electrode that is present on a substrate. Usually, ITO-coated glass is used as a substrate and 
first electrode. A hole transporting layer (usually PEDOT:PSS) on the top of the electrode smoothens 
the rough ITO surface, blocks electron leakage and prevents charge injection by modifiying the 
HOMO level between ITO and the active material.
18–20
 On the top of the active layer an electron 
transporting layer is introduced, followed by a low work function metal electrode (Al). The electron 
transporting layer is usually made of alkali halides (LiF), both preventing the metal atom diffusion 
into the active layer and blocking exciton leakage.
21–23
 Typically the diffusion length of excitons in 
OPV device is on the order or 10nm, while polymer layer of at least 100 nm is requiered in order to 
absorb enough light. It is highly challenging, therefore, to develop polymeric solar cells that can 
achieve high PCEs while maintaining good ambient stability of the device, as in such thick polymer 
layer only a small fraction of the excitons can reach the electrode. Oxygen and moisture can diffuse to 
the active layer through grain boundaries and pinholes in the metal electrode, which in turn degrades 
the organic active materials. In addition, due to direct contact, the aluminum electrode can easily 
penetrate the active layer, leading to chemical reactions and alteration of the intrinsic properties of 
semiconductors.
9,24,10
 A little more than a decade ago, the inverted device structure was introduced, 
with the top metal electrode now being the hole collecting anode. In such devices the order of the 
layers changes, interfaces are created with different materials, also changing the device stability. For 
example, replacing the low work function metal (aluminium or calcium) electrode with the higher 
work function electrode (silver) leads to the elongation of the device lifetime.
25,26
 Both device 
structures are schematically depicted in Figure 3.  
14 
 
 
Active layer materials and structure. It was rapidly observed that the active layer materials and their 
so called “architecture” in the device are the main factors, influencing the performance of the organic 
solar cell device. It is hard to list all the precise requirements for photovoltaic materials, as mostly the 
combination of both materials properties is important. There are, however, some general requirements 
for donor (D) and acceptor (A) molecules. 
   Donor materials are almost always large conjugated molecules, which provide good absorption 
properties (high extinction coefficient) and low ionization energy. Relatively small-molecules donors, 
e.g. Cu- and Zn-phthalocyanines,
27
 porphyrins
28
 and diketopyrrolopyrroles,
29
 are used regularly in 
solution devices because of their reproducibility and the ease of purification. Due to the instability of 
those materials in air, vacuum deposition method of the active layer is required, highly enhancing the 
price of such OPV devices. Conjugated polymers, possessing extended conjugation, improve film 
formation and morphology properties, leading to lower-bandgap materials (needed for better 
absorption properties). Another advantage is the wide variety of convenient functionalization methods, 
giving rise to a huge amount of D materials with different properties. Some of the donor materials are 
depicted in Figure 4. The research started from poly (p-phenylene vinylene)s (PPVs),
30,31
 followed by 
polythiophenes
32–34
 due to their relatively high optical absorption and favourable morphological 
properties. Until now, the most studied D material is poly(3-hexylthiophene) (P3HT). Optimized 
Figure 3. The set-ups of the a) traditional and b) inverted photovoltaic devices. 
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devices with this polymer achieve up to 5 % PCE which is low by current standard. Although the PCE 
is limited due to a relatively high band gap (or small absorption window) and low carrier mobilities of 
P3HT, it may be improved by different device preparation routes (e.g. controlling the morphology) or 
by using modified D/A materials. Recently D-A low band gap copolymers are emerging due to low-
lying acceptor HOMO and high-lying donor LUMO, recording up to 7.5% PCE.
35–38
 
   Acceptor materials are less abundant mostly due to instability of the conjugated polymers with 
electron withdrawing substituents in air. As a consequence, mostly small molecules are used as 
acceptors, like perylene diimide (PDI)
39,40
 and fullerene derivatives (some are depicted in Figure 5).
41–
43
 Due to the abundance of sp
2
-hybridized carbon atoms, C60 fullerene is highly electron-deficient, and 
Figure 5. Mostly in OPVs used electron acceptor materials. (a) perylene diimide (PDI) derivatives; (b) phenyl-C61-butyric 
acid methyl ester (PCBM); (c) indene-C60-bisadduct (ICBA). 
a) b) c) 
Figure 4. Several electron donor materials, used in OPVs. (a) Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene]; (b) Poly[3-hexylthiophene]; (c) porphyrin; (d) anthracene; (e) Poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-
tetrahydro-3,6-diox-opyrrolo[3,4-c]pyrrole-1,4-diyl}-alt -{[2,2'-(1,4-phenylen-e)bisthiophene]-5,5'-diyl}]; (f) Poly[2,7-
(9,9-dioctyl-dibenzosilole)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thiadiazole].  
a
) 
b
) 
c) d
) 
f) e
) 
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the low-lying HOMO and LUMO levels, together with the regional delocalized areas, make fullerene 
an ideal electron acceptor.
44
 Furthermore, C60 forms closely stacked crystalline domains, with good 
orbital overlap. This leads to high exciton and charge carrier mobility, and can be exploited in the 
formation of a favourable phase separation in a BHJ solar cell.
45
 In most solar cells the fullerene 
derivative 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61 (PCBM) is used instead of the 
unfunctionalised fullerenes due to an enhanced solubility. Although functionalisation results in worse 
stacking properties, loss of conductivity and electron accepting properties, the enhanced solubility far 
outweighs the minor negative effects. Analogous C70 derivatives have been studied recently and offer 
an improved absorption compared to PC61BM.
46
 P3HT:PC61BM, however, is still the benchmark OPV 
material and the most popular commercially used D-A pair due to the ease of their synthesis and 
proved technologies. 
   The excited states generated during irradiation have only short lifetimes which allows for limited 
typical diffusion distances for the exciton (3-10 nm). This limits the useful thickness of the device. As 
a consequence, in addition to the individual properties of D and A materials and their matching 
properties (HOMO-LUMO levels), the structure of those materials in the active layer (architecture) is 
very important. The first type of organic photovoltaic device was a single layer (Figure 6a), in which 
an organic material was sandwiched between two conductors with different work functions. It used the 
potential, generated by the different work functions, to unbind the strongly bound electron-hole pair 
(exciton). The electron was pulled towards the positive electrode, whereas the positively charged hole 
was pulled towards the negative electrode.
47,48
 The electric field, however, was not strong enough to 
break up the exciton and the holes and electrons recombined. The bilayer structure (Figure 6b) was 
made of two separate D and A layers. Electrostatic forces in such a structure are generated at the 
interface between those two materials. These forces, together with the potential, obtained from the 
difference in work functions of the electrodes, allow for easier exciton separation and the charges are 
pulled towards the appropriate electrodes. The OPVs featuring a bilayer structure could not achieve 
more than 1.5 % PCE, mainly due to too small interface for charge separation.
49
 In order to make 
photovoltaic cells more efficient, new types of architectures were designed by increasing the donor-
Figure 6. Different active layer types of organic solar cells. a) Single layer; b) bilayer; c) bulk-heterojunction and d) molecularly 
organized architectures.  
 
a) b) c) d) 
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acceptor interface. Using printing, (spin) coating, (spin) casting or lamination of an in-solution-blend 
of D and A compounds, a BHJ active layer (Figure 6c) was obtained.
50–52
 The active volume for 
charge separation in a BHJ device significantly increased. The architecture of the BHJ OPV cell is 
unique due to two competing length scales: exciton diffusion distances are on the order of 10 nm 
(before exciton decay), whereas active layer thicknesses required for optimum light absorption are 
more than 100 nm.
53,54
  
   More structured (or controlled) interfaces (ideal structure is shown in Figure 6d) may be obtained 
through the full control over the formation of the active layer itself. The shorter travel distances and 
more optimised phase separations in such layer architecture might lead to higher PCE. Formation 
depends on the kinetics of segregation and crystallisation of the compounds and on the 
thermodynamically favoured geometry. During this process the choice of solvent, solvent mixing, 
concentration, ratio (of acceptor and donor), temperature, and even the spin coating conditions 
themselves play an important role during the formation of the active layer.
52,55,56
 The possibilities to 
assemble functional materials will be thoroughly explained later in this chapter. 
Operational principles and device characteristics. After the brief introduction of the different 
Figure 7. The steps of the photocurrent generation process. The horizontal lines on the left and right of each picture 
represent the Fermi levels of electrodes (cathode and anode). Red-filled dots represent electrons, white-filled dots – holes; 
dotted line in steps 1 and 2 between electron and hole represents exciton.  
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architectures of the active layer, now let’s take a closer look at the device operational principles. The 
general outline of an intra- or intermolecular photoinduced electron transfer in a donor and acceptor 
system can be divided into five different steps, shown in Figure 7. The first step is the absorption of a 
photon, or light. A donor electron may be excited from the highest occupied molecular orbital 
(HOMO) to the lowest unoccupied molecular orbital (LUMO). This leaves a hole in the HOMO, 
which is bound to the excited electron. This couple, called an exciton, can diffuse through the donor 
material by energy transfer (step 2). The third step – charge transfer from the LUMO of the donor to 
the LUMO of the acceptor - breaks the bound electron-hole pair into an unbound electron and an 
unbound hole at the D-A interface. During the fourth step, an external voltage moves the electron and 
the remaining hole to travel to the corresponding electrodes. Finally, the hole and electron are 
collected by the electrodes (step 5). All those processes (photon absorption, exciton diffusion, charge 
transfer, diffusion and charge collection) together determine the internal quantum efficiency ηIQE of 
the device (Equation 1):
57
 
                      (1) 
where ηA is the light absorption efficiency of the active layer, ηED is the efficiency of exciton diffusion 
to a dissociation site, ηCT is the efficiency of exciton dissociation into free charge carriers, ηCD is the 
efficiency of charge diffusion through the acceptor layer and ηCC is the efficiency of charge carrier 
collection at the electrodes. Taking into account the optical losses due to substrate reflectivity R, the 
external quantum efficiency ηEQE can be calculated (Equation 2).  
                 (2) 
The external quantum efficiency, dependent on the incident light wavelength, can be easily measured 
by iluminating the cell with a lamp with different wavelengths λ and applying Equation 3:58 
      
       
      
    (3) 
where factor 1240 is the wavelength of a 1 eV photon in vacuum, ISC is the short circuit current, PINC is 
the incident power density (it is an energy, striking the surface per unit time) and A is the area of the 
iluminated cell in cm
2
.  
   In the very first absorption step, only radiation (hυ) from a very specific range of wavelengths can be 
absorbed that depends on the absorption spectrum of the donor material. The absorption of the donor 
material must, of course, match with the solar spectrum (shown in Figure 8), whereas for an excitation 
of the electron, the incident photon energy must be greater or equal to the difference between HOMO 
and LUMO. This difference is called a band gap and the minimum energy, needed for the electron 
transfer from HOMO to LUMO level is called an ionisation potential IP. Polymers and small organic 
molecules have high absorption coeficients (α up to 106-107 cm-1), therefore thin active layers can be 
used. The aggregation of the molecules in a thin film can strongly alter the absorption properties and 
change the efficiencies of such devices. In a simple bilayer system, the active layer thickness d is 
19 
 
significantly larger than the typical optical absorption length α-1. In such system ηA is found following 
Equation 4:  
  
       
       (4) 
Due to exciton diffusion constraints in bilayer system, αd is usually < 1, leading to a severely lowered 
ηA. In a BHJ system exciton generation happens homogeneously throughout the sample, therefore ηA 
value mostly depends on the match of the donor absorption with the solar spectrum.  
   In order to separate the generated exciton, it has to diffuse to a D-A interface. The energy difference 
between donor and acceptor LUMO levels can be used to help the charge separation to happen. The 
excitons, however, are unstable and can only travel a certain distance before decay. This distance is 
called the exciton diffusion length LD. Making the assumption that exciton diffusion is independent of 
electric fields and other extrinsic conditions results in Equation 5, which can be used to calculate the 
exiton diffusion efficiency (ηED):  
      
         (5) 
Both ηA and ηED depend on the layer thickness, but, unfortunately, with the opposite effect. Typically, 
a maximum ηAηED value is reached for d ~ LD, and as a result, a bilayer system works only at the 
thickness of 10 – 40 nm. This is called the exciton diffusion bottleneck, where excitons cannot reach 
Figure 8. AM 1.5 solar irradiance spectra. 
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an interface when the active layer is too thick. As the interface is finely dispersed throughout the solar 
cell device in a BHJ, the active layer thickness can be increased without an adverse effect to ηED.  
   Once the exciton reaches an interface, the actual charge transfer is a very fast process, happening in 
tens of femtoseconds due to the excess energy provided by the energy difference between donor and 
acceptor.
59
 An exciton splits into polarons in their respective materials (electron in acceptor material 
and hole in the donor material), which are still weakly bound by a Coulombic interaction. This polaron 
pair needs to be separated into independent charge carriers to yield a photocurrent, and this process 
mainly determines ηCT. Many of approaches to increase polaron pair dissociation need either a high 
internal (built-in) field or a large energy difference between donor and acceptor.  
   Once the charge carriers are freed from Coulombic attraction, the next step is charge carrier 
transport. During this process, charge carriers have a chance to recombine. This effects the charge 
transfer efficiency ηCT. The charge transport properties are based upon both intrinsic (HOMO/LUMO 
levels, IP value, electron affinity and Coulomb correlations) and extrinsic (crystallinity, morphology, 
disorder and impurities) properties. As there is a lack of long–range order and orbital overlap in most 
organic PVs, charge displacement occurs through hopping of electrons from one area to the other; 
from the energy states high in energy, the LUMO, passing through lower-lying LUMOs of acceptors, 
to the LUMO of the cathode. In the other direction, the holes move through the HOMO levels until 
they reach the anode. Therefore both ηCT and ηCC depend on a whole chain of consecutive events.
57,60
 
Film thickness plays a role here as well. Thicker films lead to higher series resistance and 
recombination losses, lowering the charge collection efficiencies.
61
  
   In the organic PV device, the PCE (ηPCE) is the most important parameter, showing the performance 
of the solar cell. This efficiency can be calculated using Equation 6:
57,62
  
     
        
    
    (6) 
Where VOC is the open circuit voltage, ISC is the short-circuit current, which is often changed for the 
current density (J=I/A, A/cm
2
) and FF is the fill factor.  
   An ideal organic photovoltaic device can be described as a circuit containing a diode and a current 
source. Without illumination, the current source is inactive, and only a small, voltage-dependent 
current Idark (V) flows through the diode. Upon illumination, a photocurrent Il will flow in the opposite 
direction. The diode current ID (which is not exactly equal to Idark, but can be accurately approximated 
by it) will thus decrease the generated photocurrent, yielding an overall current I (Equation 7):
63
  
                              
  
      (7) 
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where I0 is the saturation current of the diode and is a constant, k is Boltzman’s constant, T is the 
temperature (Kelvin). This equation can be used to obtain current–voltage (I-V) curve of a device. An 
example of I-V curve is depicted in Figure 9. The short-circuit current ISC is the current that flows 
through the device at zero bias (at short circuit conditions) and the open-circuit voltage VOC is the 
voltage at which the delivered current is zero (at open circuit conditions). The device operates in the 
area between V = 0 and V = VOC, where the current is negative and thus power is generated. Usually, 
the I-V curve slightly differs from the ideal square, with VMPP and IMPP showing the maximum values 
of voltage and current in the operating area. These values, combined with the VOC and ISC are used to 
calculate the fill factor (FF), or squareness of the curve (Equation 8):
64–66
 
    
        
      
    (8) 
FF determines the maximum power which you can get from a solar cell device. Equations 7 and 8 are 
valid only for the ideal OPV device, whereas in reality devices are far from perfection. Power is lost 
due to series resistance and current leakage. Therefore a more realistic model of the organic solar cell 
includes two extra resistances in the equivalent circuit, a series resistance RS and a parallel shunt 
resistance Rsh (Figure 10).
62
 RS arises from the resistance of the cell’s material to the flow of the 
current, which is highly influenced by the thickness of the active layer. The higher the current density, 
the more problematic the series resistance becomes. Rsh arises from the leakage of current throughout 
the cell, around the edges of the devices and between contacts of different polarity. This resistance is 
usually caused by defects in the device, e.g. defects in the active layer. Taking the parasitic resistences 
into account, a new equation for the calculation of an overall current I can be derived (Equation 9): 
               
       
     
     
   
   (9) 
Figure 9. I-V graph of the organic photovoltaic device. The dark curve (blue) and the light curves (red) are shown. ISC – 
short circuit current; VOC – open circuit current; MPP – maximum power point; VMPP – voltage at maximum power 
point; IMPP – current at maximum power point. The square are 0-VMPP-MPP-IMPP shows the fill factor (FF) of the solar 
cell. 
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The influence of RS and Rsh on the I-V curve are shown in Figure 11. Both an increase of RS and a 
decrease of Rsh highly influence the FF and the overall PCE of the device, therefore Isc and Voc should 
be optimised together with RS and Rsh in order to obtain more efficient solar cells.  
1.3 Assembly of functional materials for OPVs 
The importance of the architecture of the active layer to the performance of the OPV device was 
already explained above. The control of the nanoscale morphology (microstucture of the blend) is 
critical to ensure that all excitons are collected and dissociate and that the free charges are transported 
to their respective electrodes. For unhindered charge transport, a continous percolation pathways are 
required through each phase. The local molecular ordering, domain size in the blend and vertical 
domain segregation enhance the exciton dissociation, transport and collection. The morphology of the 
device influences the performance of the solar cell in several ways:  
Figure 10. Non-ideal solar cell, including two resistors, corresponding to parasitic resistances Rs (a series resistance) 
and Rsh (a shunt resistance).  
Figure 11. Effect of device imperfections on solar cell performance. Left-hand graph shows decreased performance due to 
high RS, right-hand graph shows decreased performance due to low Rsh. 
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 The light absorption which is mainly dependent on the band gap and thickness of the light 
absorbing material, can also be influenced by molecular packing, leading to a red shift and 
thus extending the spectral sensitivity further into the red.
67,68
 
 Molecular ordering may reduce the Stokes shift, leading to a better spectral overlap and a 
decrease of a geminate pair recombination.
60,69
  
 A continous percolation pathway reduces bimolecular recombination, as it is less likely for an 
electron to meet a hole. Both domain sizes (ideally in the order of LD) and the directionality of 
the networks are also important. Monte Carlo simulation have shown that continuity of the 
phases in a highly interdigitated structure leads to the highest efficiency.
70
 
 Charge carrier mobilities also vary with the molecular order and packing of the device 
materials. Within crystalline domains charge carriers are more delocalized leading to lower 
energies than in amorphous domains. Thus amorphous domains in the active layer may block 
charge transport.
71,72
 
The combination of all morphology induced factors in the OPV device have an influence on the device 
characteristics, including ηPCE. The morphology of the active layer, especially in solution processed 
BHJ cells, highly depends on the (self)-organization of the components and it is not easy to control. 
Many factors, both intrinsic and extrinsic, lead to a complex BHJ formation mechanism. Let’s take a 
brief look at the main physical aspects, influencing the self-assembly of D/A materials (and thus the 
morphology of the active layer) in BHJ solar cell. Many review articles disscuss this topic in 
detail,
51,52,59,73–76
 and only the main principles will be explained here. 
Morpohology determining parameters. The intrinsic factors, influencing the formation of the 
microstructure of the active layer in BHJ solar cell are mainly those that are inherent to the D and A 
materials and their interaction parameters. One of the main intrinsic factors is the molecular weight 
(MW) and polydispersity of the donor polymer, influencing chain packing, the formulation rheology 
and the thin film morphology. In the case of P3HT, an increase in MW initially enhances π-stacking of 
the polymer, thus resulting in a red-shift of the absorption spectrum and an improved charge carrier 
mobility. At much higher MW, however, chain entanglement limits the crystallinity of the thin 
film.
77,78
 Emerging low bang gap polymers have shown similar behaviour with a jump of PCE from < 
2 % for the low MW polymers and > 6 % for the high MW polymers.
35,36
  
   Another intrinsic factor, influencing the formation of highly efficient D/A layer, is the 
regioregularity of the donor polymer. The regioregularity (RR) quantifies the degree of defined 
regiochemistry of the side groups along the polymer backbone. For P3HT, RR is defined as the 
percentage of the side chains that adopt a near planar head-to-tail configuration (Figure 12). This 
leads to the formation of highly ordered and π-stacked crystallites, comprised of alternating layers of 
disordered alkyl chains and orthogonally stacked aromatic backbones. Tail-to-tail or head-to-head 
configurations result in steric strain which causes torsional twist of the polymer backbone and 
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prevents planarization, leading to a blue-shifted absorption spectrum as a result of the reduced 
conjugation length. As a consequence, high RR P3HT increases the crystallinity of the polymer phase 
and thus enhances an optical absorbance and mobility.
79
 Some reports, however, show that a high RR 
is not always a prerequisite to obtain an OPV device with a high PCE. In addition, lower RR polymers 
can enhance the thermal stability of the device by reducing the degree of phase segregation of the 
acceptor (fullerene).
80
 
   The side chain density is one more polymer characteristic, influencing the degree of phase 
separation between D and A. It has been found
45,53
 that in the case of relatively short side chains 
(hexyl), interdigitation of the polythiophene polymer chain ends with the backbones is not possible, 
leading to an amorphous blend. Increasing the side chain (to decyl) allows fullerene intercalation, 
leading to semi crystalline blend. When the fullerene and polymer backbone are in close proximity, 
efficient exciton quenching is observed, but poorly aggregated fullerene molecules do not provide an 
effective path for the electron transport. As a consequence, an excess of fullerene derivative is 
necessary (weight ratio of fullerene:polymer is 4:1). This behaviour has been recorded for other 
crystalline polymers as well,
81
 but for many new specific systems the optimum blending ratios have to 
be found experimentally. Amorphous polymers, on the other hand, exclude fullerene, so that some of 
fullerene is trapped within the polymer phase, where it cannot contribute to charge transport. As a 
consequence, fullerene:P3HT blend does not require the excess of fullerenes and the ratio 1:1 is 
usually used in practice. 
   The intermolecular interactions in molecular solids, however, are relatively weak. As a consequence, 
intrinsic factors alone do not determine the final morphology of the solution deposited blend. 
Processing parameters (or extrinsic factors) together with post-processing treatments also influence the 
microstructure. The first important point is the effect of the solvent, influencing D and A solubility, 
interaction and miscibility, together with the evaporation rate and viscosity. Multiple studies of D/A 
blends in different solvents with various evaporation rates
82–84
 revealed the advantages of choosing 
 
Figure 12. Possible regiochemical couplings of 3-alkylthiophenes. Head-to-tail coupling side chains adopt near planar 
configuration, leading to regioregular structure of polythiophene. 
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high boiling point solvents. The low evaporation rate of such solvents increases the drying time and 
thus the ordering of D/A microstructure due to extended self-assembly possibilities. Recently, mixing 
of two solvents with different vapour pressures and solubility’s proved to enhance the crystallinity of 
the polymer and thus the performance of the OPV device due to the competitive film growth rate.
84
 
   Another decisive factor is the miscibility of D and A components. As was explained above, the 
ratios of fullerene and donor polymers vary (4:1 for the polymers with long side-chains to 1:1 for 
shorter side-chain polymers) due to polymer structure differences and their ability to pack fullerenes. 
A new approach of the optimization of BHJ microstructure is the addition of the chemical additives. 
An effective additive must be able to interact extensively with the active layer components during the 
thin film formation. The boiling point of the additive, therefore, must be higher than that of the 
solvent. Also, the additive should not hinder, but preferably enhance the solubility of D or A material. 
In the blends of PCBM and recently emerging low band gap polymers, diiodooctane (DIO)
85
 and 1-
chloronaphtalene (CN)
86,87
 have been introduced as additives. Both improved the efficiencies 
compared to the same blend without the additive. The effect of DIO was attributed to the increased 
solubility of PCBM aggregates, leading to smaller microstructure domains and thus enhanced 
interpenetration within the film. CN, on the other hand, improved the absorption coefficient and 
enhanced charge carrier transport. In P3HT:PCBM blends, trichlorobenzene (TCB) was introduced as 
an additive,
88 
enhancing the crystallinity of P3HT polymer and leading to higher PCE value.  
   Together with the solvent and blend ratios, post processing treatment, particularly thermal and 
solvent annealing plays a significant role in the formation of the active layer morphology. Heat 
treatment of the BHJ active layer causes re-ordering of the D and A phases, allowing the morphology 
to equilibrate towards the most energetically favourable configuration, and increase the size of the 
domains. Eventually, this may lead to unfavourable domain sizes, but incomplete equilibration may 
enhance connectivity between phases and improve percolation pathways.
89–92 
Thermal annealing may 
also improve morphology by removing residual solvent and low performing oligomer species. The 
optimum annealing temperature is found to be above 110 °C, but the exact temperature range (until 
200 °C) varies for different MW and PDI polymer samples.
93
  
   Equilibration of the morphology in saturated solvent atmosphere (solvent annealing) has also been 
applied after casting. Solvent molecules solvate the film, polymer chains become more mobile and 
thus the morphology can re-organize. Recently, hot solvent vapour (HSV) annealing has been 
introduced,
94
 which is fast (only few minutes comparing with 1 h for usual solvent vapour treatment) 
and efficient. HSV is highly dependent on the nature of the solvent used. If HSV is performed with the 
solvents which fully dissolve P3HT polymer, initially the crystallinity of the P3HT is enhanced, 
whereas after this optimum time P3HT crystals begin to dissolve. The PCBM-rich aggregates, on the 
other hand, continuously grow with the time during HSV process, and are not highly influenced by the 
solvent nature.
95
 Accordingly, the optimum time and solvent have to be found for HSV process in 
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order to control the formation of BHJ active layer. The conducting atomic force microscopy images of 
a sprayed and HSV annealed film showed a dramatic reduction of the root-mean-square (RMS) value 
of the surface (114.5 nm to 3.7 nm), highly improving the device parameters.  
   Some attempts have been made to hinder diffusion and aggregation of fullerenes by introducing a 
cross-linkable functionality to the polymer side chains or to the fullerene and, after blend processing, 
cross-linking them and thus hindering the assembly pathway for fullerenes.
96–98
 The PCE of the 
devices, however, is reduced after cross-linking, but the thermal stability of the morphology is 
enhanced. 
   Summarizing, many factors influence the formation of the BHJ morphology and the processing 
conditions for every new system (even for the same system with a different MW, PDI and/or 
regioregularity) must be tailored. The optimization, however, affords only quite limited control and 
BHJ with a predictable PCE usually are impossible. In order to enhance the control over the 
morphology formation, some techniques may be employed, which will be introduced below. 
Alignment techniques. The alignment of the D/A materials in an OPV device can be achieved using 
so called top-down (lithographic) alignment techniques and bottom-up (self-assembly) techniques. A 
summary of main techniques is given in Table 1. Top-down techniques are beyond the scope of this 
thesis and details can be found in several reviews.
99–104
 Bottom-up techniques combine the advantages 
of low temperature solution deposition methods, selective monolayer adsorption and high control of 
the film thickness (in angstrom scale) and will be introduced in the following paragraphs. 
Hierarchical conducting assemblies. Crystals are the most common example of self-assembly, in 
which the molecular properties of each atom set the nanoscale lattice type and spacing. The symmetry 
of the crystal is contrained by the requirement that the unit cell stack perfectly. The self-assembly in 
the crystal formation and growth is subjected by the physical parameters of consistent atoms 
(Pauling’s rules).105 The high degree of order in crystals leads to a unique mechanical and optical 
properties that are not conceivable from the non-structured components. The hierarchy in crystals, 
however, is not so complex as in biological materials, where structures more complex over many 
length scales are abundant. When one looks at the wood cell wall, the skeleton of a glass sponge or 
bone, they consist of entirely different chemical compositions, but have very high degree of 
hierarchy.
106
 Looking at the nature, an objective of chemists is to create nano- or microscale structures, 
composed of small molecules with precise control over size and shape, tied to the functionality of such 
self-assembled structure. Molecular self-assembly usually takes advantage of supramolecular 
interactions (ionic, hydrophobic, van der Waals, hydrogen or coordination bonds). While building 
electronic devices, those interactions with the substrate or hole and electron transporting layers are 
also present, together with the interactions between D/A materials. The self-assembly process is 
extremely complex and difficult to control. Several attempts at constructing electronic self-assembled 
systems have been carried and several examples are disscussed here. Self-assembly of aromatic 
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molecules and thiophenes are of great importance in OPVs. In solution, aromatic π-conjugated 
molecules stack into supramolecular structures. 
Method Advantages Disadvantages Resolution / size 
Optical lithography Sufficient level of 
resolution. 
Needs an operation in an 
expensive clean room; 
trade-off between resist 
process sensitivity and 
resolution. 
~ 50 nm 
E-beam lithography An extremely accurate 
method; an effective 
nanofabrication tool. 
Expensive; slow process. ~ 10 nm 
Soft & Nanoimprint 
lithography 
Simple and effective 
tool for fabrication of 
small features. 
Difficult for large scale 
production; templates has 
to be prepared by other 
lithography techniques; 
not cost-effective. 
5 – 10 nm 
Scanning-probe 
lithography 
High resolution; 
accurately controlled 
nanopatterns; ability to 
manipulate big 
molecules and 
individual atoms. 
Expensive process. < 5 nm 
Molecular self-
assembly 
Self-assembly of deep 
molecular 
nanopatterns of width 
less than 20 nm. 
Difficult to design and 
fabricate. 
< 5 nm 
Directed self-
assembly 
Usage of different 
manipulation methods 
(shear, magnetic, 
electric field…), 
directing the materials 
to self-assemble into 
desirable patterns. 
High precision methods 
are highly energy 
consuming; difficult to 
design. 
 
Depends on the 
direction method 
Polymer brushes Novel method for 
“synthesis” rather than 
fabrication of the 
devices. 
Templated substrates has 
to be prepared by precise 
lithography techniques; 
difficult to control. 
Depends on the 
template; polymer. 
DNA-scaffolding Allows high-precision 
assembling of 
nanoscale 
components. 
This method is still at the 
early stage, therefore 
difficult to predict and 
control; needs a lot of 
investment. 
< 10 nm 
This approach only requires mixing of the materials in proper solvent at optimal temperature range. 
One of the examples is the nanowire formation from perylene tetracarboxylic diimides (PTCDIs).
107,108
 
Table 1. Main lithographic and bottom-up alignment techniques. 
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The chemical modification of PTCDI side-chains strongly influence the molecular stacking abilities of 
this molecule and thus provide numerous options to achieve defined assemblies. As it was found by 
Zang et.al.,
107
 due to van der Waals interactions between the side chains, π-π stacking of molecules, 
self-assembling from good-poor solvents dispersion, led to nanobelt formation. Usage of the reducing 
agents (such as hydrazine) led to n-doping of PTCDI nanobelts, enhancing the conductivity of the 
aggregates.
109,110
 The self-assembly properties of PTCDI molecules are strongly dependent on the 
solvent. For instance PDI (Figure 13) forms 1-dimensional nanobelts from methanol and 2-
dimensional nanoleaves from n-hexane.
108,111
 This behaviour was explained by a better PDI stacking 
possibilities starting from small molecule solvent (methanol), whereas longer n-hexane molecules 
reduce the stacking. Due to a better stacking, a higher mobility of charge carriers was observed. Water 
soluble tetracarboxy-functionalized PDIs spontaneously form a hydrogel network in a mixture with 
melamine.
112
 The helical hydrogel network consist of H-aggregated perylene molecules, cross-linked 
with melamine molecules, with the carboxylic groups pointing to the outer surface. Introduction of 
chlorine and n-methylpyrolidine (PPy) to the carboxylic groups of the PDIs enables the possibility of 
the Förster resonant energy transfer (FRET) from non-covalently bonded PPy and chlorine as electron 
donor and acceptor, respectively.
113
 The helical sense of very similar aspartic acid handles bearing 
PDIs appeared to be managed by the usage of L- or D- aspartic acid, giving chiral conducting 
assemblies.
114
  
     Another group of molecules rising a great interest for application in OPVs are the bis-urea 
derivatives of mono- or bis-thiophenes self-assembled by hydrogen bonds into ribbons, forcing the π-
stacking of the central heterocycles.
115
 The charge carrier mobility properties of the conjugates were 
found to have very similar properties to the covalently bond polythiophenes (5 x 10
-3
 cm
2
 V
-1
 s
-1 
vs. 7 x 
10
-3
 cm
2
 V
-1
 s
-1
). Following the same idea, other groups developed oligothiophene
116
 and 
(oligo)thienylenevinylene
117
 derivatives with the hydrogen bond forming segments. Both oligomers 
formed organogels, consisting of self-assembled 1D nanostructures, exhibiting relatively high 
conductivity values. While working on the self-assembly of short tetrathiophenes in toluene (Figure 
14),
118
 Stupp and coworkers found that the molecules form rod coils with the π-π stacked conjugated 
segments due to hydrogen bonding. Those nanostructures, doped with iodine, showed conductivities in 
the range of 10
-5
 S cm
-1
. The same terthiophenes showed 3 orders of magnitude lower conductivities, 
when the films were casted from THF solution, wherein the nanostructures did not form. 
Tetrathiophene with the barbituric acid segment at one end of the molecule showed the ability to form 
hydrogen bonded hexameric rosettes, which further stack on top of each other forming 1D 
nanorods.
119
 The addition of 1 eq. of bis-melamine derivative (Figure 15) led to a supramolecular 
copolymer with the melamine/barbituric acid mixed binding, where multilamellar nanotape structures 
were formed. Nanorods could be easily prepared from the nanotapes while heating at 80 °C, which is 
appearently related to an entropy-driven release of bis-melamine from the structure. 
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All these examples clearly show the importance of additional hydrogen bonding which aids the 
stacking abilities and thus the overall performance of the thiophenes. It should be noted that those 
additional functional groups reduce the overall concentration of chromophore in a device. 
   The controlled assembly of electron donor:acceptor layer in BHJ is of great importance, therefore a 
lot of research have been conducted with the self-assembly of electron acceptors as well. Three main 
self-assemblies of carbon allotropes as acceptors can be accentuated: graphene, nanotubes and 
fullerene assemblies. The latter is the smallest of all three, the easiest to synthesize and to self-
assemble. In the self-assembly of fullerenes, mainly two approaches can be distinguished: the self-
Figure 13. a) Perylene tetracarboxy diimide (PDI) forms b) 1-dfimensional nanobelts from methanol and c) 2-
dimensional nano leaves from n-hexane.108,111 
a) b) c) 
Figure 14. a) Dendritic phenyl-quarter thiophene shows different assembly properties in b) toluene and c) THF. Toluene solution 
leads to d) self-assembled π-π stacked rod-coils, whereas in THF no self-assembly behaviour is observed.118 
a) 
d) 
c) b) 
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assembly of the pristine fullerene C60 and of synthesized fullerene derivatives, which carry various 
self-assembly inducing or directing groups. 
The first approach of the self-assembly of pristine C60 has two strategies: (1) vapour driven 
crystallization and (2) solution driven self-assembly. In the former case, the vapourized C60 molecules 
(at high temperatures) form crystalline nanodiscs, when passing to the lower temperature region.
120
 
The formation of discs, however, is highly dependant on the type of the substrate: highly ordered 
pyrolitic graphite (HOPG) predominantly gives disc formation, while on Si or SiO2 wafer only 
irregularly shaped 3D structures are formed. Solution-driven self-assembly processes are studied in 
detail and the results depend on the substrate and solvent nature. For example, non-polar and not 
aromatic solvents, like hexane lead to the formation of nanodots; aromatic solvents, like 1,3-
dichlorobenzene give C60 rods, whereas symmetrical tetrahedral configuration bearing solvents, like 
CCl4 gives rise to hexagonal structures.
121,122
 The architecture formation mechanism is not dependent 
on the surface used, but is far from completely understood. Solvent vapour annealing of the fullerene 
thin films can also lead to vertical crystallization when aromatic solvents are used (rod formation 
inducing solvents).
123
  
   The second approach of synthesizing new C60 derivatives with aggregation inducing or hindering 
groups has been explored.
124–126
 The most common strategy is an amphiphilic construct by attaching 
hydrophilic moieties onto the highly hydrophobic C60 core.
127–129
 The advantage of this method is the 
possibility to enhance the solubility properties of C60 in a polar media. This enables control of the 
b) c) 
Figure 15. Schematic representation of nanorod interconversion into nanotape. Oligothiophene-barbituric acid 
(chemical structure shown left) forms nanorods by stacking of barbituric acid segments. The addition of bis-melamine 
(BM12, shown right) leads to formation of nanotapes.119 
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supramolecular assemblies at larger dimensions. Fulleropyrrolidines, functionalized with a 
(multi)alkyloxy phenyl group (Figure 16a) pack in a predictable, compact manner under solvent-free 
conditions, giving an ordered mesophase with the controlled dimensions.
130,131
 The assemblies retain 
the electrochemical activity of C60.
132
 Like pristine C60, fulleropyrrolidines with the alkyloxy groups 
self-assemble into various architectures when starting from different solvents or solvent mixtures. 
Slight differences of the aliphatic chain length, however, greatly influence the morphologies of the 
assemblies. The assembly of sterically hindered 2,4,6-trialkyloxy fulleropyrolidines is suppressed, 
giving room temperature liquid fullerenes, while the material still retains a high hole mobility, 
estimated from transient photocurrent time-of-flight (ToF) measurements.
131
 Monoalkynyl 
functionalized fullerene (Figure 16b) enables the formation of the fullerene side-chain functionalized 
copolymers, which aggregates into nanoparticles.
128
 The introduction of five aromatic groups (t-Bu 
benzene) to the pristine C60 structure (Figure16c) showed the possibility to form 1D wire domains in 
the active layer.
133
 The devices, made from this material and P3HT, however, showed reduced (1.5 %) 
PCE values, compared to a default PCBM:P3HT heterojunction (5-6 %). A highly thermally stable 
material can be obtained by introducing three cross-linkable diacetylene groups, as it was reported by 
the group of Nakanishi.
134
 Flake-like nano- and microparticles are organized from this material 
THF/MeOH solution and the organization is freezed afterwards by cross-links, leading to a remarkable 
heat and solvent resistance. This material, however, has not yet been introduced in an OPV device and 
its electron acceptor properties were not reported. 
 Self-assembly directing methods. Taking nature (highly ordered, hierarchical and reversible (self-
healing) assemblies) as an example, chemist have used templated or directed self-assembly as a 
method to construct complex architectures
135–138
 Several methods can be employed to manipulate the 
material’s self-assembly process; some of them are listed in Table 2.  
   There are several reports on electric field induced alignment.
139–145
 Most of the reports are based on 
the directed self-assembly of metallic nanowires, starting from inorganic salts,
137,99
 whereas electric 
field induced self-assembly of OPV materials is less common. Like metallic nanowires, carbon 
Figure 16. Chemical structures of the fullerene derivatives with aggregation controlling side groups. a) 2,4,6-
trialkyloxy fulleropyrolidines; b) c) C60 with five aromatic groups. 
a) b) c) 
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nanotubes can be ordered perpendicular to the field using a high frequency electric field during the 
annealing step.
145
 
Self-assembly directing 
method 
Characteristics Applicable materials 
Electric field alignment Rapid alignment is possible in 
concentrated solutions. 
Materials with high dielectric 
constants, dipoles. 
Magnetic field alignment Can yield the large scale 
alignment, but is highly energy 
consuming process. 
Materials with large magnetic 
susceptability. 
Imprint nanolithography Easy and cheap, but still with 
low reproducibility. 
All materials. 
Electrospray deposition Easy process, but difficult to 
control self-assemblies. 
All materials. 
A block-copolymer, consisting of polystyrene (PS) and poly(perylene bisimide acrylate) (PPerAcr), 
proved to be a good electron acceptor and conductor with electron mobilities up to 10
-3
 cm
2
 V
-1
 s
-1
.
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A copolymer film was aligned in a melt above glass transition temperature (Tg) of PS and melting 
temperature (Tm) of PPerAcr, using a voltage of 55 – 80 V. The topographic design pattern of the 
grown pillars was varied by using patterned electrodes. A significant hole carrier mobility increase has 
been observed in P3HT films, which were annealed in an electric field (2000 V cm
-1
).
142
 An electric 
field can also be applied to the whole active layer of PCBM:P3HT during solution processing, as 
reported by Ma et.al.
147
 The direction of the applied electric field controlled the vertical phase 
separation, forming a P3HT-rich rough surface and reducing the formation of PCBM clusters. A 
P3HT-PCBM hybrid molecule, placed in a BHJ, can self-assemble using an electric field without 
thermal treatment.
148
 It was found that an electric field induces the crystallization of P3HT domains 
into fibrous domains, and also promotes the phase separation. TEM and AFM studies showed better 
dispersed PCBM throughout the film,
143
 whereas XRD studies displayed two different P3HT 
nanostructures, distributed in the BHJ as two separate layers.
144
 The layer closer to the ITO substrate 
was much more ordered than the layer on top, which led to the better device performance due to 
enhanced charge transfer to the electrode. 
   Magnetic field alignment has been mostly applied to the metallic nanowires. Using small uniform 
external magnetic fields (~ 10 G), nanowires can be aligned prior to their precipitation.
136
 A magnetic 
field applied to the nanowires placed on a flat glass substrate pre-aligns them. The magnetized 
nanowires interact with each other through dipolar forces and aggregate. Besides parallel nanowire 
arrays, hierarchical structures can also be achieved.
149
 Block-copolymers also may exhibit an 
anisotropic magnetic susceptability. Tran et.al. have used magnetic fields to a PS-block-PAA (poly 
acrylic acid) copolymer with a perylene diimide mesogen, attached to PAA by hydrogen bonding, 
yielding hexagonally ordered PS cylinders within a smectic liquid crystalline phase forming PAA and 
Table 2. Main self-assembly directing methods, usually used for the alignment of electronic materials. 
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PDI mesogen.
150
 ZnO nanowires, incorporated in the polymer films, helped to further align BHJ 
photovoltaics.
151,152
  
   Imprint nanolithography (INL) is a technique in which a mold is pressed against a material layer in 
order to transfer patterns from the mold to this material. Oligothiophene fibers were formed by 
combining self-assembly with INL, and their electrical performance was highly improved going from 
random to well-aligned fibers.
153
 This method was also applied for the P3HT-based low band gap 
polymer (F8TBT, shown in Figure 17) blend, by first imprinting one polymer (D or A) and, after an 
annealing process, depositing the second polymer using spin-coating.
154
 Not only the active layer 
materials, but also electrode layers can be fabricated by INL. Kang et.al. have shown that gold, copper 
and silver patterned electrodes can be prepared for OPVs, which exhibit the same performance as 
devices with a conventional ITO electrode.
155
 The usage of INL enables the generation of PEDOT:PSS 
and conducting polythiophene polymer nanowires from both water
156
 and organic solvent solutions.
157
 
   Electrospray deposition (ESD) only recently emerged as an alternative approach for OPV 
fabrication. By this technique, monodisperse droplets with diameters from a few nanometers to 
hundreds of micrometers can be generated. The first studies have been recently reported on the 
deposition of P3HT:PCBM active layers.
158–160 
Park et.al. demonstrated reduction of macro and 
nanomorphologies with reduced flow rate, but the distribution of droplet size remained monodisperse 
for the same flow-rate region.
160
 The best performing BHJ device was generated with larger droplet 
sizes. The deposition of the hole transporting poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonate) (PEDOT:PSS) layer by ESD, followed by the P3HT:PCBM layer was also reported.
161
 
Those initial studies showed that the ESD method enables the creation of complex heterostructures by 
using different materials and solvents. In this process the electrical conductivity of the solution plays 
the crucial role, since it affects the droplet diameter and subsequently film nanostructure and 
morphology. According to Zhao et.al. the addition of conductivity enhancing additives (such as acetic 
acid) enhances the vertical phase separation, the optical absorption and the PCE of the device.
162
 The 
Figure 17. Chemical structures of P3HT and low band-gap polymer F8TBT, used in the preparation of organic 
photovoltaic devices, using imprinting technique. 
P3HT 
F8TB
T 
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usage of the high boiling point diiodooctane (6%) as an additive in the common o-DCB solution 
flattened the surface of the BHJ and reduced the size of the interpenetrating network of well-
crystallized domains, also resulting in an enhanced PCE.
161
  
   Carbon nanocomposite fibers were manufactured from carbon nanotubes, carbon black nanoparticles 
and a polymer blend by electrospinning, which potentially can be used as an electrode.
163–165
 A P3HT 
polymer solution cannot be electrospun into fibrous structures due to low viscosity of the polymer 
solution. Therefore a mixture with another electrospinnable polymer (polyethylene oxide) was used 
and nanofibers with aligned polymer domains along the fiber axis were obtained.
166
 P3HT:PCBM 
fibers were electrospun with a poly(caprolactone) (PCL) shell and the PCL was later removed by 
dissolving it in cyclopentanone, leading to pure P3HT:PCBM nanofibers with diameters of 120 ± 30 
nm, as reported by Bedford et.al.
167
 The incorporation of these fibers in BHJ device resulted in an 
improved PCE, compared to the solution-processed thin-film devices. The increase in PCE was 
explained by the increased in-plane alignment of P3HT polymer chains, leading to increased optical 
absorption and exciton generation. 
Helical structures in OPVs. Though many bottom-up approaches have been investigated to direct the 
self-assembly of the molecules for the OPV applications, the majority of the superstructures lack fine-
positioning of the functional units and defined architectures. Learning the lesson from nature about the 
crucial role of helical motifs in many biological systems and their high dimensional stability 
properties, chemists were inspired to design a variety of helical molecules for many practical 
applications.  
   To the best of our knowledge, the usage of the helical structures in OPVs, however, are still very 
rare. The hierarchical self-assembly of  aromatic conjugated polymers have been reviewed recently.
168
 
Most OPV devices, possesing helical structures, are made from oligo(phenylenevinylene)s.
169–173
 
Jonkheijm have shown that oligo(phenylenevinylene) (Figure 18a) self-assembles into helical 
structures from dodecane solution.
170
 In solution, the material first forms dimers by hydrogen bond 
formation that subsequently develops into π-π stacks, which are still soluble in apolar solvents due to 
present long aliphatic chains. The fibers show a profound polarized optical emission due to the high 
degree of molecular organization.
171
 Theoretical calculations showed that the charge carrier mobility 
in the stacks can be increased by achieving a supramolecular organization that is more favourable for 
charge transport.
172
 Electrical transport measurements of the wires, however, revealed that the 
resulting oligo(phenylenevinylene) stacks are poor electrical conductors.
169
 Helical stacks of 
oligo(phenylene vinylene) with perylenebisimide molecules (Figure 18b) incorporated that from D-A 
arrays have been formed in a mixture of bad and good solvents (MeOH:THF). The π-π stacks of D-A 
materials show an enhanced stability.
174
 Amphiphilic poly(phenylene ethylene)s (Figure 18c) fold into 
helical structures due to π-π stacking of neighbouring monomer units. The helical structures can be 
cross-linked, leading to covalently stabilized organic nanotubes, as was reported by Hecht et.al.
175
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Helical diacetylene organogels have been synthesized, using urea group for directing the 
supramolecular self-assembly.
176
 A highly conjugated polydiacetylene was obtained using a propylene 
spacer between the urea and a polymerizable group. All conjugated polythiophene copolymers, 
consisting of hexyl and triethylene glycol side chains (Figure 18d) form stable crystalline fibrils due 
to large contrast in solubility of comonomer units.
177
 The addition of a potassium salt drives the 
oligoethylene chains to form the helical nanowires that further bundles into superhelical structures. 
Thought all the helical structures reviewed above are stable, their performance in OPVs were not 
reported. Helical architectures can also be employed in electrode structure. Three dimensional helical 
nanowires from ITO were generated as an electrode for a BHJ solar cell.
178
 A 10 % increase in PCE 
was observed due to optical and electrical improvement. The improvement was atributed to the 
enlarged interfacial area between the electrode and the active layer. 
   Besides the self-assembly approach, helical structures of conjugated materials can also be achieved 
using scaffolding. The work of our group in this area has made use of polyisocyanides to organize 
chromophoric units along a protein-like polymer backbone.
179
 Polyisocyanides, prepared from amino 
acid derived monomer units, form very stable helical β-sheet architectures (Figure 19) due to the 
hydrogen bonding pattern, present parallel to the covalent polymer backbone. The hydrogen bonding 
pattern rigidifies the array, resulting in stiff polymers.
179–181
 Polyisocyanides have a 41 helical 
conformation (i.e. it has four repeat units per helical turn). The chiral centre of the peptide unit (left or 
right) controls the handedness of the polymer backbone. Broader overview about polyisocyanides can 
a) b) 
c) d) 
Figure 18. Chemical structures of the compounds, able to form helical structures, used in OPV devices. a) 
oligo(phenylenevinylene), self-assembling in non-polar dodecane;171,170 b) oligo(phenylenevinylene) with 
tricyclodecane side-groups, stacking into helical structures in presence of perylene;174 c) amphiphilic 
poly(phenyleneethynylene), folding into helical secondary structure;175 d) poly(3-hexylthiophene)-co-
(poly(triethyleneglycolthiophene) copolymer, forming helical fibrils due to a large solubility contrast of the 
comonomers.177 
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be found in review articles.
182,183
 The introduction of the chromophoric units can be achieved by the 
synthesis of the chromophore-appended monomer or by use of “click” chemistry. Using the synthesis 
of the chromophore-appended monomer and polymerisation of this monomer has been exploited by 
our group for the synthesis of porphyrin
184
 and perylene
185
 functionalized polyisocyanopeptides. The 
rod-like nature of the synthesized polymers and the helical arrangement of the chromophores were 
confirmed by means of atomic force microscopy (AFM) and circular dichroism (CD) studies. 
Measurements of perylene-appended polyisocyanopeptides showed that their electron-migration 
properties are suitable for their utilisation in OPVs. One disadvantage of the direct synthesis of 
polyisocyanopeptides starting from chromophore-appended monomer is, however, the complicated 
isocyanide synthesis step from the corresponding formamide, bearing the bulky chromophore. With 
even bulkier chromophores another disadvantage can arrise, which is the limited reactivity of 
oligomers towards polymerisation, resulting in short polymers, which is usually the disadvantage for 
the application in OPVs. The alternative method is a post-modification of polymer, using the 
conventional copper(I) -catalysed Azide-Alkyne Cycloaddition (CuAAC) reaction.
186,187
 The 
polymerization of both acetylenic-isocyanides
188,189
 and azido-isocyanides
190
 was earlier demonstrated 
by our group, and perylene,
189
 coumarine and rhodium chromophores
190
 were introduced to the 
polymers by CuAAC reaction. The fluorescence intensity of the polymer, obtained by CuAAC 
reaction, however, was not as great as that synthesized directly from perylene-isocyanide monomer 
due to the less defined perylene stacking properties. Those results, though, showed the possibility to 
make random copolymers, by mixing several chromophores. 
   The helical structures of acceptor material (fullerene) have also been explored. Phenylacetylene 
copolymer with 10 % of fullerene end-capped phenylacetylene have been reported, still exhibiting a 
helical structure.
191
 The incorporation of more than 30 % of fullerene units in the copolymer structure 
resulted in non-soluble copolymer. The introduction of long pentadecyl chains allowed to synthesize 
Figure 19. a) Schematic drawing of the hydrogen bonding pattern in one polyisocyanopeptide polymer chain. c) 
Side view of polymer, showing helical side chain arrangement in a polymer chain. 
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copolymers bearing fullerene groups on each repeating monomer unit in a helical array, as was 
confirmed by CD spectroscopy.
192
 The incorporation of those structures into OPV devices, however, 
has not been reported. 
   The future of efficient organic photovoltaic devices seems to be laying on novel perovskites 
structures on which the first report appeared in 2009 by Myiasaka et al.
193
 Incorporation of perovskites 
into a dye-sensitized solar cell generated the device with the PCE of 3.8%. The rapid progress was 
made in the last few years reaching efficiencies of 20.1%.
194,195
 Usually the perovskite crystal structure 
is derived as ABX3, where A is an organic cation (usually the methylammonium (CH3NH3)
+
); B is a 
big metal cation (usually Pb
2+
) and X is a halogen anion. The success of perovskites lies also in the 
compatibility of these structures with general electron donor and acceptor materials, usually used in 
organic photovoltaics.
196
 Modelling and tuning of the crystal size or halide-metal substitution 
properties leads to high charge carrier mobilities and lifetimes.
197
 Perovskite solar cells, however, are 
still in the early development stage, suffering from the instability in moisture. Another challenge is the 
up-scale technologies as till now only the highly efficient devices of the diameters of 1 inch have been 
fabricated.
198
 
   As organic solar cells are still in development stage, there is much room for the improvements of 
recently used processing and architecture building operations, as well as in the progress of the 
synthesis of novel materials for OPVs. Inspired by the biological helices and functions, the helical 
architectures of synthetic polymers is an attractive future challenge, which can provide novel 
functions. The combinations of the helical structures with the perovskite crystals may also find their 
application in the OPVs. 
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2 Aim of the thesis 
In nature, molecular properties at the atomic scale (1-100Å) determine the material structure at the 
nanoscale (10-100nm), which in turn controls the materials characteristics and functionality which are 
different from those of the same material in a disordered state. Inspired by nature, material scientists 
keep searching for the possibilities to arrange the materials in such a way that the functionalities of the 
materials would be tuned or enhanced. The precise arrangement of the materials in electronic devices 
is an on-going project. Most current devices in the market use bulk heterojunction (BHJ) solar cells 
with the conjugated polymer and the electron acceptor, randomly distributed throughout the film. It is 
not realised that the nanoscale donor/acceptor architecture in the device fundamentally influence the 
performance of the OPV device. 
   The aim of this thesis was to design and assemble highly ordered structures for the usage in OPVs 
and to investigate their structure influence on the overall photon-to-current efficiency (PCE) of the 
devices. While the fully organized active layer cannot still be reached, the aim is to obtain structures 
better resembling the organized active layer. 
   Chapters 1 and 2 explains the synthesis of (polythiophene)2-C60 dipentynyl malonate triads, which 
were used as the compatibilizers (2.5%) in the usual P3HT:PCBM blend. In chapter 1 highly 
regioregular and low polydispersity P3HT is used as a polythiophene, whereas in chapter 2 
amphiphilic polythiophenes are introduced in order to enhance the amphiphilicity, an important 
characteristic of the compatibilizer. 
   In chapters 3 and 4 helical polymers (polyisocyanopeptides) are introduced as a scaffold to arrange 
fullerenes and thiophenes. As in nature, most structures are helical and well defined which contributes 
to the improved performance of the OPV devices. In chapter 3 fullerenes are incorporated at the side-
chains of the PIC polymer in order to form helical fullerene nanowires and in chapter 4 EDOT is 
introduced for the helical PEDOT nanorod formation.  
   Chapter 5 investigates the iridium atom effect on the device PCE, since the heavy atom may enhance 
the lifetime of the excitons thus enhancing the overall PCE. This research was carried out as part of a 
Marie Curie network project EU FP7 ITN, SUPERIOR. 
   Organic solar cells are rapidly developing with PCE of up-to 12%,1 yet there is still much room for 
the improvements in processing and architecture building operations, as well as in the design and 
synthesis of novel materials for OPVs. 
1. http://optics.org/news/4/1/36 Author: M. Peach, 2013.  
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Chapter 1 
 
 
 
 
Fibrous P3HT-(C60-dipentyl malonate)-P3HT triads 
as compatibilizer in organic solar cells 
 
 
 
 
 
 
 
 
 
No amount of experimentation can ever prove me right; a single experiment can prove 
me wrong. 
Albert Einstein 
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3 Fibrous P3HT-(C60-dipentyl malonate)-P3HT triads as 
compatibilizer in organic solar cells 
 
ABSTRACT: The miscibility and aggregation behavior of fullerenes and poly(3-hexylthiophene) (P3HT) in a 
blend is of great importance for the development of fullerene-based organic photovoltaic cells. In this study we 
designed a novel P3HT-C60 dipentyl malonate-P3HT triad, consisting of two regioregular low polydispersity 
(PDI = 1.1 – 1.15) P3HT molecules, covalently bounded to the fullerene dipentynyl malonate (DPM) via “click” 
chemistry. The triads showed the self-assembly into fibrous structures, forming small fibers in a highly volatile 
solvents and large ones in a low-volatility solvents. XRD studies, however, revealed crystal packing distortions 
in triad comparing with the initial P3HT polymer, mainly due to the fullerene influence. Photovoltaic devices of 
the low molecular weight (MW) and PDI P3HT polymers showed relatively high power conversion efficiency 
(PCE = >3%), whereas the incorporation of the triads in P3HT:PCBM blends as a compatibilizer (2.5%) reduced 
the absolute value of PCE by about 0.5%. The enhanced producibility and stability of PCE results in different 
annealing temperatures was obtained. This phenomenon can be explained by the rigidity of the P3HT-C60-DPM-
P3HT chains, which are not mobile even at high annealing temperatures (250°C) and thus prevent the fullerenes 
from an aggregation.  
3.1 Introduction 
In spite of the fact that the discovery of the bulk heterojunction (BHJ) solar cell was over 20 years 
ago (in 1995 by Heeger et al.), it still remains the best commercially available architecture for the 
active layer.1–3 The ideal BHJ solar cell is a bi-continuous blend of donor (D) and acceptor (A) with a 
maximum interfacial area for exciton dissociation and a mean domain size, ideally commensurate 
with the exciton diffusion length (5-10 nm). These two components phase-segregate on a suitable 
length scale, allowing maximum ordering within each phase and thus effective charge transport in 
continuous pathways to the electrodes.4 The morphology of the active layer depends on a number of 
variables, both intrinsic (those dependent on the nature of the polymer and fullerene, such as 
crystallinity of those two materials, relative miscibility) and extrinsic (e.g. solvent, overall 
concentration of the blend components, deposition technique, thermal/solvent annealing). Additives,5,6 
the use of different solvents7–9 and annealing10–13 are the main methods used to manipulate phase 
separation on the nanometer length scale in the device. However, both controlling the D/A composite 
morphology and optimizing the device performance are extremely difficult. The nanometer-scale 
morphology of the active layer is not thermodynamically stable and is obtained by kinetically 
trapping a non-equilibrium state.14,15 
   One approach towards the control of the nanometer-scale morphology and improvement of the 
long-term stability of conjugated polymer-fullerene BHJ solar cells is to use compatibilizing dyadic 
systems, composed of two different blocks of conjugated polymer and fullerene.16,17 Such dyadic 
systems, added to a blend of conjugated polymer and fullerene, can lower the interfacial tension 
between the two components which reduces the phase dimensions of the D/A composite and improves 
the long-term thermal stability. Several groups have focused their research on dyadic systems, 
consisting of the polythiophene (PT) as electron-donor materials because of its high hole mobility and 
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processability18 and C60 derivatives. Hillmyer et al. synthesized bis-fullerene-terminated poly(3-
hexylthiophene) (C60-P3HT–C60),
17 which showed the presence of two distinct semicrystalline 
regimes, according to powder X-ray scattering (XRD) data. Hillmyer used C60-P3HT–C60 as an 
electron donating material in the blend with the appropriate amount of C60, but not as a 
compatibilizer. Lee et al. synthesized [6,6]-phenyl C61 butyric acid (PCB) end capped P3HT and used 
2.5 wt.% of it as a compatibilizer in the standard P3HT/PCBM blend.16 The addition of such small 
amount of P3HT-PCB reduced the domain size of the P3HT/PCBM composite and suppressed 
macrophase separation for prolonged thermal annealing. Independent studies by Wang et al. with the 
same PCB-end capped P3HT molecule19 showed that this molecule indeed could serve as a 
compatibilizer in a BHJ cell and also as a “surfactant” to enhance the solubility of fullerenes in poor 
solvents such as tetrahydrofuran (THF); a good solvent for P3HT. Moreover, the phase separation of 
PCB-P3HT in thin films leads to well-defined nanostructures, where the solvent plays a vital role. 
From THF solution spherical aggregates are formed, whereas from o-dichlorobenzene (o-DCB) 
fibrous structures can be observed. Later Banerji et al. reported the femtosecond spectroscopic 
characterization of P3HT-PCB.20 The transient absorption spectra confirmed the higher polymer 
ordering in fibrous thin film compared with the parent polymer P3HT-OH. The fraction of long-lived 
charge carriers in P3HT-PCB was much higher than in P3HT-OH, but still 47 % and 66 – 87 % of the 
charges recombined for the THF and DCB samples, respectively. The increased recombination rate in 
fibrous samples was explained by enhanced intensity-induced processes due to better transport 
properties in the ordered system and by increased monomolecular recombination. However, the yield 
of the long-lived charge carriers in the fibers was comparable to that obtained with annealed 
P3HT/PCBM blends and hence the fibers could be the potential candidate as an active material in 
OPV. 
   Continuing this work in the field of P3HT-C60 hybrids, we have designed a novel triad, consisting of 
two highly regioregular (RR > 98%), low polydispersity (PDI ≈ 1.1 - 1.2) P3HT chains, that can be 
coupled to the fullerene-dipentynyl malonate (C60-DPM) via “click” chemistry. Initially, we expected 
that covalently bound P3HT chains and the fullerene derivative would reduce the phase segregation of 
the D/A materials, as the amphiphilic nature of a triad favors to localize at the interface between the 
two components. Therefore we explored the influence of this material on the photovoltaic device 
morphology and how in turn this affects the efficiency properties. We found, however that this triad 
self-assembles into fibrous structures, forming small fibers in volatile solvents and large ones in the 
solvents with low volatility properties. Consequently, we explored the self-assembly properties of the 
material in a bulk. Here we present synthesis, morphology studies of the triad and the photovoltaic 
studies of the devices. 
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3.2 Synthesis and properties of P3HT-(C60-DPM)-P3HT triad 
Synthesis and characterization of (P3HT)2-C60 triad. A new (P3HT)2-C60 compatibilizer was 
synthesized through the use of the conventional copper(I)-catalysed azide-alkyne cycloaddition 
(CuAAC) reaction, developed by the groups of Meldal21 and Sharpless.22 The CuAAC reaction 
allowed us to couple two P3HT polymers with azide end-groups to one fullerene-dipentynylmalonate 
(C60-DPM) molecule. The synthesis is given in Scheme 1. C60-DPM (2) was synthesized from the 
commercial dichloromalonate, following the procedure of the group of Nierengarten23,24 in overall 
yield of 38%. Highly regioregular P3HT, bearing one bromine end-group was synthesized by a 
slightly modified Grignard Metathesis (GRIM) Polymerization, developed by Lohwasser.25 A slight 
excess of the monomer was used with respect to the amount of Grignard reagent (i-PrMgCl), 
guaranteeing a complete consumption of the Grignard reagent and resulting in the amount of H/Br-
end groups being almost 100%. We synthesized a small library of polymers with different PDIs (1.1 - 
1.4) and different molecular weights (MW = 2 – 40 kg mol
-1). The main characteristics of these 
polymers are shown in Table 1. For comparison we took commercial P3HT, purchased from Sigma 
Aldrich, whose characteristics (measured by the same methods and with the same techniques) are also 
shown in Table 1.  
  
Scheme 1. General synthesis of the (P3HT)2-C60-triad. Reaction conditions: i) CH2Cl2, pyridine, r.t., y. 71 %; ii) toluene, 
DBU, I2, C60, r.t., y. 52 %; iii) 3-hexylthiophene, N-bromosuccinamide, CH3COOH, tetrahydrofurane, r.t., y. 31 %; iv) 
LiCl, iPr-MgCl, tetrahydrofurane, Ni(dppp)Cl2, r.t., y. 26 %; v) NaN3, DMF, 120 °C, y. 97 %; vi) tetrahydrofurane, CuI, 
PMDETA, r.t., Ar athmosphere.  
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The absorption maximums measured in solution of all P3HT polymers were very similar (432 – 453 
nm). The shift in absorption maximum between the shortest and longest polymer is only 20 nm. The 
regioregularity plays one of the most important roles in the absorption maximum of conjugated P3HT 
system.26,27 Since solution UV-Vis spectra do not give any information about the chain packing, 
which is so important for the mobility of the charge carriers, we also recorded solid-state absorption 
spectra for all the polymers (P1 – P6)-Br. Normalized solution and solid state absorption spectra of 
polymer P2-Br (which was similarly recorded for all other P3HT polymers P3-P6) are shown in the 
Figure 1. In the solid state absorption spectra a singlet exciton transition (at about 600 nm) and two 
vibronic sidebands (at about 510 nm and 550 nm) can be distinguished.28 A clearly defined singlet 
exiton transition peak (at 600 nm) increases as aggregation occure.29 This increased aggregation can 
also be achieved for the polymer with lower regioregularity by adding a poor solvent.30 
Name Mn, g/mol Mw, g/mol PDI RR, % DP, based on Mn Solution UV-
Vis maximum, 
nm 
Comm.P3HT*  22 500 65 600 3 88 134  
P1 2 500 2 700 1.1 98 14 432 
P2 17 000 19 500 1.15 98 101 443 
P3 16 500 19 000 1.15 88 98 450 
P4 27 500 38 000 1.4 88 163 452 
P5 10 100 14 300 1.4 95.5 60 447 
P6 24 200 34 200 1.4 95.5 143 453 
Table 1. The main characteristics of the used P3HT polymers. *- commercial P3HT purchased from Sigma-Aldrich, 
production of Rieke Metals, Inc. Mn – number-average molecular weight, MW – weight-average molecular weight, PDI-
polydispersity, RR-regioregularity, DP – degree of polymerisation. 
Figure 1. The UV-Vis absorption spectra of P3HT-Br polymer P2, which was mostly used in our research due to 
relatively high MW (~18 000), high RR (98%) and low PDI (1.15). 
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   The bromide end-groups of all P3HT polymers were replaced by azide (N3) by a simple 
nucleophilic substitution reaction, using sodium azide under reflux in dimethylformamide (with a 
small amount of chloroform in order to enhance solubility of P3HT-Br). We proved the azide end-
group formation by IR spectroscopy, by the appearance of the clear peak at about 2100 cm-1. P3HT-
N3 polymers showed similar UV-Vis absorption properties as P3HT-Br with slight changes (few nm) 
in absorption maximum as some of the lower MW polymers are lost during additional purification 
processes. 
   The CuAAC reactions between P3HT-N3 (compound P1-N3, Scheme 1) and C60-DPM (2, Scheme 
1) were performed using copper iodide as a catalyst and N,N,N',N",N"-pentamethyldiethylentriamine 
(PMDETA) as copper(I) stabilizing ligand. The low MW P3HT triad was synthesized in order to 
spectroscopically characterize the reaction product, as in this case the ratio of P3HT:C60 is only 6:1, 
whereas in other cases it is 30:1 (P5) or even 80:1 (P4). The formation of the (P1)2-C60 triad was 
confirmed by 1H-NMR (shown in Figure 2), IR, MALDI-ToF, GPC, UV-Vis and XRD measurements 
(see Experimental part). For this material, however, poor power conversion efficiency (PCE) is 
anticipated mostly due to too low absorption overlap with a solar spectrum (absorption maximum of 
432 nm in solution and 467 nm in solid state). The higher MW P3HT-C60 triads (those with P2-P6) 
were synthesized to explore potential application of the material in OPV devices. 
Figure 2. 1H-NMR spectra, proving the formation of the triad (P1)2-C60. 
 
NMR data 
(P1)2-C60 
P1 
C60-dipentynyl malonate 
1
H-NMR spectra of P1, C60-dipentynyl malonate and the triad (P1)2-C60 
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Properties of (P3HT)2-C60 triads. Morphological studies were carried out with thin films of 
polymers P1-P6 and the triads (P1-P2)-C60-DPM. Chloroform solutions of highly regioregular, low 
molecular weight P3HT-Br (P1) and the corresponding triad (P1)2-C60 at three different 
concentrations (10-4 M, 10-5 M and 10-8 M) were prepared. All solutions were drop-casted on a highly 
ordered pyrolitic graphite (HOPG) substrate for atomic force microscopy (AFM) studies and on 
copper grids for transmission electron microscopy (TEM) measurements. Films of P1 showed 
featureless morphologies in both AFM and TEM studies in any of the used concentrations, with the 
average height of 9 nm for the most concentrated sample (RMS roughness 2.3 nm). The same result 
was observed for the triad (P1)2-C60 in the diluted sample (10
-8 M), but films from more concentrated 
solutions (10-5 M and in particular 10-4 M) showed the formation of well-defined fibers in both AFM 
and TEM analysis (Figure 3. a, b). The average height of such films was slightly larger (13-22 nm) 
with higher RMS values (4-6 nm).  
   We explored this behavior further by also studying the higher MW polymers and triads. Therefore, 
we prepared 1 mg/mL solutions of P3HT polymers (Comm.P3HT, P1, and P2) and P3HT-C60 triads 
((P1)2-C60 and (P2)2-C60) in THF (relatively poor solvent for high MW P3HT polymer) and o-
dichlorobenzene (very good solvent for both P3HT and fullerene). At 10-5 M concentrations low MW 
polymer P1 readily dissolved in both solvents. Higher MW polymers and triads required prolonged 
a) b)
d) c) 
Figure 3. The morphology measurements of 10-4 M solution of (P1)2-C60 triad. a) AFM measurements; b) TEM 
measurements (scale bar 200 nm); c) and d) the schematic of possible architecture of the fibers, showing micelle-like 
structure (c) and rod-like structure (d). 
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heating while stirring to dissolve in THF and o-DCB, whereas polymer P2 remained only partly 
soluble in THF, but readily dissolved in o-DCB. In fact, we found that the solubility of the triads is 
higher than for the P3HT-Br, as the triad (P2)2-C60 dissolved in both solvents (Figure 4 d), whereas 
P2 remained only partly soluble in THF. (Photo of all the prepared solutions is depicted in 
Experimental part Figure 13).  
   The polymer and triad solutions (10-4 M, besides only partly soluble P2 in THF) were drop casted 
on ITO on glass slides (1.5 cm x 1.5 cm). The slides were annealed at 120 °C for 7 min. 
Morphologies of those samples were measured using AFM and optical microscopy. From all of those 
thin films, small fibers were formed from the triad (P2)2-C60, casted from THF (AFM picture is 
depicted in Figure 4 a, b), whereas macroscopic fibers (up to 20 μm), clearly seen by optical 
microscope were observed from o-DCB (Figure 4 c). From the AFM pictures (an average of eight 
different places of the sample) of the (P2)2-C60 triad thin film, casted from THF, an average height of 
the fibers in the sample of 43 nm (RMS roughness of 11.7) was measured. For comparison, polymer 
P2 thin films showed average height of 23.8 nm (RMS roughness of 5.4). Possibly fibers enhance the 
height difference in the film of the (P2)2-C60 triad. The same trend of roughness enhancement was 
recorded for the (P2)2-C60 triad, casted from o-DCB solution. This material, showing macroscopic 
fibers, showed the average height of 57 nm with the RMS roughness of 17.8 (the average of five 
different AFM pictures with the scale of 2 μm x 2 μm). The results are given in Table 2.  
a) b) 
d) c) 
Figure 4. The AFM images of the thin films of 1 mg/mL solution of the triad (P2)2-C60, Height (a) and phase (b) images, 
drop casted from THF on ITO/glass slide. c) Microscopic image of the same triad, drop casted from o-DCB solution, 
showing macroscopic fibers. d) Solutions of the triad in THF (7) and o-DCB (8). 
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At the same time the group of Wudl19 was busy with a similar approach, preparing C60-P3HT dyad 
(structure of the material is shown in Figure 5). In contrast to their initial studies where fibers formed 
only in o-DCB, our triad showed fiber-formation behavior in any solvent used (chloroform, THF and 
o-DCB), only with the different dimensions. Wang19 showed a schematic representation of micelle and 
Material Solvent Average height, nm RMS value, nm 
P2 THF 23.8 5.4 
(P2)2-C60 THF 43 11.7 
(P2)2-C60 o-DCB 57 17.8 
Table 2. The average height and RMS values of P2 and triad (P2)2-C60, measured from AFM images. The average data 
is taken from five to eight different scan areas (each one 2 μm x 2 μm) of the polymer thin films. 
Figure 5. Structure of C60-P3HT dyad, explored by the group of Wudl. 
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Figure 6. Solution UV-Vis absorption spectra of P3HT-Br (solid line) and (P3HT)2-C60 ( line). 
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fiber formation from their C60-P3HT dyad in different solvents. Possible structures of fiber formation 
are shown in Figure 3 c, d. Fiber formation from chloroform and THF solutions can be due to poor 
solubility properties in those solvents. Polymers can be not fully dissolved, which brings to the fiber 
formation. Nonetheless, o-DCB is a very good solvent for both P3HT and the triad; therefore the fiber 
formation from this solvent is probably driven by the crystallization of regioregular P3HT, together 
with an aggregation of the fullerene components. The better aggregation of the triad in the solution 
was also confirmed by UV-Vis absorption measurements. Additional small shoulders at 560 nm and 
610 nm for the (P2)2-C60-DPM were observed (Figure 6), indicating the crystalline order in the 
material. PXRD studies were performed in order to further check the order of the material. The o-DCB 
solutions of P2 and (P2)2-C60-DPM with concentrations of 1 mg/mL were drop casted on a sample 
holder and dried in air. PXRD of non-annealed polymer thin films did not show any significant 
differences in the data (Figure 14 Experimental part), mainly showing only the (100) crystal plane. 
This Bragg peak indicates the presence of the stacked structure of P3HT polymers with an out-of-
plane spacing of the polymer chain layers of 1.6 nm.31 After annealing polymer thin films, high 
crystallinity of P3HT polymer P2 was recorded (Figure 7). Additional peaks at 2θ = 10.8, 17, 19, 
Figure 7. Powder XRD data of P2-N3 and triad (P2)2-C60.  
2θ 
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21.5, 23.4, 28.1, 29.5, 32.2 and 37.8 corresponding to the (200), (300), (002), (120), (020), (012), 
(220), (320) and (420) planes32,33 respectfully showed highly ordered, crystalline material. Such a high 
crystallinity may arise from the high regioregularity (98 %) and low polydispersity (1.15) of the 
sample. This spectra highly resembles the theoretically calculated one.32 PXRD studies indicates that 
hexyl side chains are oriented vertical to the substrate, while the π-π stacking between the thiophene 
rings is parallel to the glass substrate. The (P2)2-C60 triad showed reduced crystallinity, when compare 
with polymer P2. It showed (100), (200), (002), (120), (020) and (012) crystal planes, but in reduced 
intensities. Only 10% relative intensity difference was recorded, however, the most intensive peak 
changed ((020) for the P2 and (100) for (P2)2-C60), which made it more troublesome to quantitatively 
compare the intensities of P3HT-N3 polymer and its corresponding triad with C60-DPM. Most of the 
crystal planes at higher 2θ values ((220), (320), (620), (420) and (110)) were not observed for sample 
of the (P2)2-C60 triad. This observation shows crystal packing distortions in the triad, which may arise 
due to fullerene influence. The peak at 2θ = 4.2° corresponds to fullerene moiety.  
3.3 Morphology changes in the active layer of P3HT:PCBM, using (P2)2-C60 as a 
compatibilizer 
Thin films of (P3HT)2-C60 triads showed morphology changes compared to the pure P3HT polymers. 
However, the question still remained how those fibrous structures will affect the morphology of the 
whole D/A layer. The main aim of this project was to look at the effect of the compatibilizer on the 
interface of the BHJ solar cell, consisting of P3HT-PCBM blend. For the studies, we decided to 
introduce both small and higher amounts of the (P3HT)2-C60 triad to the usual P3HT:PCBM mixture. 
As it was explained earlier in this chapter, low MW polythiophene would be not the best choice for the 
use in photovoltaic devices due to too low overlap between solar spectrum and material absorption 
spectra. Hence for the morphology studies we have chosen (P2)2-C60 as a compatibilizer. 
   Photovoltaic devices were fabricated, consisting of ITO pre-coated glass substrate, a layer of spin-
coated PEDOT:PSS, an active layer consisting of a P3HT:PCBM mixture (and different amounts of 
(P2)2-C60 as a compatibilizer) spin-coated from o-DCB solution, aluminium as a counter electrode 
and silver paste. The whole device structure is shown in the Figure 8 and the preparation procedure is 
given in the Experimental part. Five different batches of the active layer were prepared by adding 0 
%, 5 %, 10 %, 20 % and 25 % of the compatibilizer to the P3HT:PCBM (1:0.8) mixture. Additionally, 
several devices were prepared by taking the (P2)2-C60 triad as an electron donor material and mixing 
it with PCBM (1:0.8 ratio). First, the UV-Vis absorption was measured for all prepared samples. The 
data is shown in Figure 9. The trend of the decreased absorption intensity in the fullerene area 
(around 290 nm) could be attributed to the decrease of fullerene concentration in the mixture as a 
whole. 
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   The morphology of the active layer was measured by AFM. By introducing the copolymer as a 
surfactant, a decrease in the domain size and an enhanced phase segregation was expected. The AFM 
images of the surface morphology are shown in Figure 10. The RMS values given are calculated 
from the scans of different areas (in total 700 μm2). As can be seen, the RMS roughness value for the 
usual P3HT:PCBM device, without introduction of the surfactant, is 1.29 nm.  
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Figure 9. UV-Vis absorption spectra of the devices, prepared with the different amounts of (P2)2-C60 triad. Spectra 
were normalized by the concentration of P3HT in the device. 
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Figure 8. The schematic drawing of the built-up devices. A-D are the places for the morphology 
measurements (the device without alumina electrode), 1-3 – full solar cell devices (with the thermally 
evaporated layer of alumina. 
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The data, reported in the literature, gives RMS values between 0.7 and 2 nm.34,35 Sariciftci et al. 
reports36 a value of 12 nm, which is probably attributed to the average height of the sample, but not to 
the RMS value itself. The RMS roughness value highly depends on the sample preparation. Values 
Figure 10. AFM pictures of the device surface morphology and the height profile, corresponding to the horizontal 
line in the top image. The active layer of the devices consisted of the PCBM:P3HT mixture and an additional 
amount of the (P3HT)2-C60 as a compatibilizer. The percentage of this triad is given under all AFM pictures. 
Average RMS values: a) 1.29 nm; b) 1.28 nm; c) 1.12 nm; d) 1.52 nm. Small SEM image near the (d) structure 
indicates crystalline structure with un-known nature. 
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lower than 1 nm value implies very low phase segregation and as a consequence the PCEs for such 
samples are low. Sample annealing increases the RMS value to about 1 - 1.5 nm. Annealing 
temperature and time both play the main roles in this process. Since the annealing procedure was not 
varied, the changes of morphology in our samples arise only from the nature of the material. 
According to the AFM results, the addition of different amounts of (P2)2-C60 does not significantly 
affect the roughness of the active layer. All deviations observed (1.12 - 1.52) are within the same 
range. 5 % of the compatibilizer does not appear to affect the morphology and roughness of the 
device. However, going to 10 % and even more to 20 % of the triad, aggregates were observed. Those 
aggregates are approximately 5 nm in height, which is reflected in an increase of the RMS value of 
the devices with 20 % of compatibilizer. The nature of those aggregates, however, is not clear. 
   The morphology studies of the prepared devices by scanning electron microscopy (SEM) was 
problematic due to the low resolution of the device and did allow additional information to be 
obtained. Small crystalline domains were recorded with the sizes of few microns. One of the 
crystalline features in the device is shown in the Figure 10d. There was, however, considerable 
variation between samples.  
   In summary, the morphology studies of the devices with (P2)2-C60 as a compatibilizer showed 
increased fullerene aggregates when compared to normal P3HT:PCBM devices. However, those 
features did not significantly affect the overall roughness of the sample, but may influence the 
efficiency of organic photovoltaic devices. The efficiency studies of the devices will be explained in 
the next subchapter.  
3.4 Photovoltaic studies of P3HT:PCBM (+compatibilizer) blends 
The devices for the photovoltaic studies were prepared in Eindhoven University of Technology and 
power conversion efficiencies were measured in Nijmegen. The usual organic solar cells are very 
sensitive to common atmospheric conditions and quickly become inactive outside a glove-box. In 
order to enhance the stability of the solar cell devices, we prepared inverted solar cells. They consist 
of ITO on glass substrate, zinc oxide (electron transport layer), active layer of PCBM:P3HT (and 
(P2)2-C60 as an additive), PEDOT (hole transport layer) and silver as back electrode. The structure of 
the device is shown in Figure 11.  
    First, the influence of the annealing temperature to the device performance was investigated. 
Thermal annealing of the PCBM:P3HT devices has been studied by several groups.10,13,37,38 The 
studies have shown that thermal annealing improves the performance of the devices through increased 
order and crystallinity in P3HT polymer12 and through improved phase separation in the blend 
morphology, ensuring an interconnected pathway to the electrodes.10 
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   Hiorns et al.39 found that the annealing temperatures have to be correlated to the different MW of 
P3HT polymers, i.e. higher MW polymer containing devices require higher annealing temperatures 
and longer annealing times. In order to find the optimum annealing temperature of the devices, 
consisting of P2 and (P2)2-C60, (shown in Figure 12)  different annealing temperatures, ranging from 
110°C to 250°C were used. The overview of the measurements (the average of at least 8 measur 
ements) is given in the Table 3 and visualized in the Graphs 1a-d. Using P3HT:PCBM blend, the  
Glass
ITO
ZnO (sol-gel) (spin 4000 rpm 50s) (anneal 
1500C 5 min)
PCBM + P3HT (1:1) (spin 600 rpm 200 s) 
(anneal 30 min)
CPP-PEDOT (spin 6000 rpm 60 s) (anneal 
120oC 10 min)
Ag (100nm) Evaporated
Figure 11. Layered structure of the inverted photovoltaic device, used in the studies. 
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Figure 12. Stability studies of the OPV devices. Changes are given for a) short-circuit current density (JSC); b) open circuit 
voltage (VOC); c) fill factor (FF) and d) absolute power conversion efficiency (PCE). 
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highest efficiency reached so far is about 5% after the active layer morphology optimization. The 
preparation process of the devices in Nijmegen is far from the full optimization; therefore obtained 
PCE of 3% is a good result. As can be seen, in devices of a low annealing temperature (110°C), a 
small amount of copolymer does indeed help to improve the device performance and a higher 
absolute efficiency is recorded (average increase of 0.4%). At higher temperatures (150–200°C) the 
PCE of the devices with the copolymer are lower on average by 0.5%, whereas at the highest 
temperature measured (250°C) the efficiencies are almost the same for both PCBM:P3HT and the 
device with the 2.5% of (P2)2-C60. The performance of the usual PCBM:P3HT blends depends upon 
the different annealing temperatures. In average for this blend the highest PCE was recorded for an 
annealing temperature of 150-200°C. Higher annealing temperature (250°C) led to a significant 
decrease in the performance of PCBM:P3HT blend. This effect was explained by Ayzner et al.,40 who 
suggested that annealing increases the phase segregation of the fullerenes in the polymer. This leads 
to an increased number of fullerene islands and a decrease in the number of interconnected pathways 
(and increase in the “dead-ends” in the fullerene networks as well). At high annealing temperatures 
exciton harvesting efficiencies reduces as a result of the increased average distance between the 
polymer and fullerene phases. The PCE of the devices with 2.5% of triad (P2)2-C60 are quite stable 
going from low annealing temperature (110°C) to the high one (250°C). This stabilization of the 
device performance might be due to the effect of the triad. The phase segregation of fullerenes in the 
polymer is also decreased due to the more rigid, covalently bound structure of (P3HT)2-C60. Even at 
the high annealing temperature, rigid triad chains are preventing fullerenes from the aggregation and 
thus the formation of too large islands, which would lead to the decrease in device performance. 
Name Temperature JSC, mA 
cm-2 
VOC, mV FF, % PCE, % Number 
of 
devices 
PCBM:P3HT 110 6.36 592.78 50.22 2.2 8 
150 8.78 568.17 59.91 2.99 9 
200 8.45 594.75 62.5 3.15 8 
250 7.16 592.56 54.45 2.36 11 
PCBM:P3HT:2.5% 
(P2)2-C60 
110 8.34 549.25 56.83 2.63 8 
150 7.56 553.41 58.66 2.46 8 
200 7.34 586.6 60.6 2.62 8 
250 7.34 587.25 55.53 2.42 8 
Table 3. Photovoltaic studies of the devices without or with the compatibilizer, prepared by varying the annealing 
temperature. 
63 
 
   Another explanation for this phenomenon can be that the phase separation point in the devices with 
the triad (P3HT)2-C60 is already reached at low temperatures. The enhancement of the annealing 
temperature increases the average distance between the polymer and fullerene, and hence a reduced 
exciton harvesting is measured. 
   We also explored the photovoltaic properties of other P3HT polymers (P3 (MW=18 950 g mol
-1, 
PDI=1.14) and P4 (MW=38 375 g mol
-1, PDI=1.4)). They all showed very similar results, shown in 
Table 4. As the PCE values were very similar, we did not explore triads of those polymers. 
   In summary, the best performance of the PCBM:P3HT blend, prepared from the polymer with a MW 
= 19.5 kg mol-1 was recorded at annealing temperatures of 150-200 °C. The significant drop in the 
performance was recorded in lower and higher temperatures. A small amount (2.5 %) of the (P3HT)2-
C60 triad did not enhance (but rather decreased) the efficiency of the solar cell device. Generally a 
drop of up to 0.5 % was recorded, comparing with the usual PCBM:P3HT cells. However, the triad 
enhanced the stability of the PCE results, which was not significantly changed upon increasing the 
annealing temperature. Looking back at the results of Lee16 we can still argue that even pure P3HT 
can also work as a compatibilizer. They used 2.5 % of the P3HT-C60 dyad in the commercial 
P3HT/PCBM blend with a low PCE performance (≈1%), whereas all our experiments were performed 
using better defined P3HT polymer with bromine end-group and relatively high PCE (≈3%). 
3.5 Conclusions 
Highly regioregular, low PDI polymer, bearing a bromide-end group was synthesized via GRIM 
polymerization. This polymer showed high crystallinity (XRD data). After simple nucleophilic 
substitution reaction with sodium azide, two polythiophenes with N3-end group was coupled with 
dipentynyl malonate via copper (I) -catalysed azide-alkyne cycloaddition (CuAAC) reaction.  
   Similar to the literature results,16,19 the triad showed long range ordering (fibre formation) due to 
packing of P3HT and fullerenes. It was expected that covalently bound (P3HT)2-C60 chains would 
reduce the phase segregation of the donor/acceptor materials. Opposite to the results of Lee et al.16 
where they used similar system of C60 end capped P3HT, the introduction of our triad in organic 
photovoltaic devices as a compatibilizer (2.5%) reduced the absolute value of PCE by about 0.5%, but 
at the same time enhanced the stability of the results in different annealing temperatures (110-250°C). 
The stability of the PCE values might be explained by the rigid character of the (P3HT)2-C60 triad. 
Name JSC, mA 
cm-2 
VOC, mV FF, % PCE, 
% 
Number of 
devices 
PCBM:P3 8.53 585.33 48.27 2.42 8 
PCBM:P4 8.65 553.76 53.87 2.59 8 
Table 4. Photovoltaic studies of the P3HT polymers P3 and P4. 
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Even at high temperatures rigid chains of the triad are not highly mobile and prevent fullerenes from 
the aggregation into too large islands. Our system, however, is not quite the same as reported by Lee, 
because we are comparing the results of P3HT-Br/PCBM and (P3HT)2-C60, while Lee added 
synthesized P3HT-C60 dyad to the commercial low performance P3HT/PCBM (PCE≈1%). 
   The PXRD measurements revealed the reduced crystallinity for the triad, probably due to the 
influence of the fullerene moiety. Morphology studies of the devices with 5-20% of the triad in the 
PCBM:P3HT blend revealed large (5 nm height and 250 nm width) crystalline domains, which are the 
packing distortions in the active layer. Those morphology studies agreed with the reduced 
performance of the devices due to non-mobile, too rigid triad chains, which form large aggregates in 
the active layer of photovoltaic devices and thus reduce their performance. Our results indicated that 
our synthesized triad do not lower the interfacial tension between P3HT and PCBM, but improve the 
thermal stability of the photovoltaic devices.  
   A slight improvement of the structure, for example by the use of the highly hydrophilic 
polythiophenes instead of P3HT, or by changing the C60 derivative for more conjugated polymer 
systems might enhance the potential to use such a molecule as a compatibilizer in organic 
photovoltaics. 
3.6 Experimental part 
1. General procedures and equipment 
Reagents were purchased commercially and used as received, unless noted otherwise. Solvents, used 
during synthesis, were distilled under nitrogen atmosphere before use, with tetrahydrofuran (THF) 
distilled over sodium, dichloromethane distilled over CaH2 and chloroform distilled over CaCl2. Silica 
gel (0.063 – 0.200 mm), used for column chromatography, was purchased from J.T. Baker, while 
Silica Gel 60 F254 (1 mm pores) coated glass plates, used for Thin Layer Chromatography, were 
obtained from Merck. 
   All NMR measurements were performed at room temperature, with chemical shifts (δ) reported in 
ppm relative to tetramethylsilane (TMS). 
1
H-NMR spectra were recorded on Varian Inova 400 MHz 
instrument, while 
13
C-NMR spectra were recorded on a Bruker DMX 300 MHz instrument. FT-IR 
spectra were obtained using a Bruker Tensor 27 (DTGS detector (12 K - 250 cm
-1
); KBr beam splitter 
(4000 - 370 cm
-1
)). Raman spectra were recorded with a Renishaw Raman microscopy 1000 system. 
MALDI-ToF spectra were taken on a Bruker Biflex III instrument with laser intensities, ranging from 
50 % to 70 %. Gel permeation chromatography (GPC) was performed, using a Shimadzu instrument 
with either THF or chloroform as solvent, and polystyrene as standard. Absorption spectra were 
recorded on a Perkin Elmer Lambda2 Spectrometer, while a Perkin Elmer LS 55 Fluorescence was 
used to measure both emission and excitation spectra. Powder XRD measurements were performed on 
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a Bruker D8 AXS Advance X-ray diffractometer (monochromatic Cu Kα radiation, λ = 1.54 Å) in the 
range of 2θ = 2 to 50 degrees. 
2.  Synthesis 
Di(pent-4-yn-1-yl) malonate (1)
23,24
. Malonyl dichloride (8.22 mmol, 
1.16 g, distilled prior to use) was added via syringe to a stirring 
solution of pyridine (16.1 mmol, 1.27 g) and 4-pentyn-1-ol (14.5 
mmol, 1.22 g) in dichloromethane (90 mL) at 0 °C. The reaction mixture was stirred for one hour, 
before it was allowed to warm up to room temperature (within 1h) and stirred for additional 24 hours. 
The organic layer was washed with water, dried over Na2SO4, filtered and concantrated. Column 
chromatography (SiO2, CH2Cl2) gave 1 (0.92 g, 54 %), as a colourless oil. 
1
H-NMR (400 MHz, CDCl3, ppm): 4.27 (t, 4H, J = 6.29 Hz, H5), 3.39 (s, 2H, H6), 2.30 (t, 4H, J = 
7.04; 2.60 Hz, H3), 1.98 (t, 2H, J = 2.64 Hz, H1), 1.89 (q, 4H, J = 6.44 Hz, H4). 
Fullerene-C60-dipentynyl malonate (2)
23,24
. Fullerene-C60 (0.69 
mmol, 0.508 g) and di(pent-4-yn-1-yl) malonate (0.69 mmol, 0.164 
g) were dissolved in dry toluene (500 mL). The solution was then 
left to stir over night at room temperature. Iodine (1.04 mmol, 
0.263 g) and DBU (1.73 mmol, 0.266 g) were added to the stirring solution. After 48 hours of stirring 
in room temperature, the reaction mixture was filtered through a short plug of SiO2 (CH2Cl2) and the 
solvent evaporated. Column chromatography (SiO2, toluene) gave 2 (35 mg, 52 %). 
1
H-NMR (400 MHz, CDCl3, ppm): 4.63 (t, 4H, J = 6.28 Hz, H5), 2.43 (m, 4H, H3), 2.08 (m, 4H, H4), 
2.04 (t, 2H, J = 2.65 Hz, H1). 
13
C-NMR (300 MHz, CDCl3, ppm): δ 163.0, 144.78-138.55, 117.65, 81.92, 69.22, 67.48, 65.27, 26.87, 
14.74. 
2,5-Dibromo-3-hexyl thiophene. To a mixture of 3-hexylthiophene (0.0297 mol, 5 g) 
and acetic acid (35 mL) in tetrahydrofuran (50 mL) N-bromosuccinamide (0.0654 mol, 
11.6327 g) was added and the mixture was stirred in dark overnight. After completion 
of the reaction 100 mL of distilled water was added and the reaction mixture extracted 
with ethyl acetate. The organic solution was dried over Na2SO4, and the solvent was 
evaporated completely. Product was purified by vacuum distillation under reduced pressure (1mbar). 
The product was collected with the vapour temperature of 130 ± 5 °C. Almost colourless liquid was 
obtained (3.042 g, 31 %). 
1
H-NMR (400 MHz, CDCl3, ppm): 6.77 (s, 1H, H2), 2.50 (t, 2H, J = 7.57 Hz, H5), 1.53 (m, 2H, H6), 
1.29 (m, 6H, H7-H9), 0.89 (t, 3H, J = 6.85 Hz, H10). 
Bromide functionalized poly (3-hexylthiophene) (P3HT-Br).
25
 This procedure is for the polymer P2 
and only differs for other polymers in the amount of Ni(dppp)Cl2 catalyst added (the amounts are 
depicted near the spectral data of the polymers below). The reactions were performed under argon 
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atmosphere. Lithium chloride (0.65 g, 0.0153 mol) was dried in a Schlenk flask under 
vacuum while heating at 140 °C for 4 h. After cooling down to room temperature, dry 
THF was added (30 mL), forming 0.5 M solution. After full solvation of LiCl, 2.5-
dibromo-3-hexylthiophene (5 g, 0.0153 mol) was added. To this solution isopropyl 
magnesium chloride (7.4 mL of 2 M solution in THF) was injected via syringe. The 
solution stirred for 4 h. Afterwards the reaction solution was diluted with 170 mL of 
dry THF and Ni(dppp)Cl2 (0.0831 g, 0.1533 mmol) was added. The reaction was stirred overnight. 
The polymerisation was quenched by the addition of 16 mL of 5 N HCl, stirred for 0.5 h, while 
cooling the solution. The product was precipitated in methanol, filtered off directly into a Soxhlet 
thimble and extracted with methanol, pentane, heptane, dichloromethane and chloroform, giving 26 % 
of chloroform fraction. All the polymers were kept in an inert atmosphere and in a dark. 
1
H-NMR (400 MHz, CDCl3, ppm): 6.98 (1H, H2), 2.81 (2H, H5), 1.71 (2H, H6), 1.44 (2H, H7), 1.35 
(4H, H8-H9), 0.91 (3H, H10). 
13
C-NMR (300 MHz, CDCl3, ppm): δ 139.39, 133.21, 130.0, 128.11, 31.21, 30.02, 28.98, 28.77, 
22.16, 13.63. 
FT-IR: 3056, 2954, 2925, 2853, 1509, 1457, 1380, 820, 724 cm
-1
. 
Raman: 1517:85, 1451:94, 1422:83, 1381:90, 1212:34, 1186:03, 1093:20, 728:49 cm
-1
. 
P1: Ni(dppp)Cl2 used: 0.1 eq. GPC (THF, 1 mg/mL flow, PS standard): Mn = 2 514 g mol
-1
, MW = 2 
671 g mol
-1
. PDI: 1.07. MALDI-Tof: m/z = 1073.91 (6 x monomer + Br + H) – 3164.43 (18 x 
monomer + Br + H). UV-Vis (max absorption): λmax = 432 nm. PL (max emission): λmax = 560 nm. 
P2: Ni(dppp)Cl2 used: 0.01 eq. GPC: Mn = 17 851 g mol
-1
, MW = 19 930 g mol
-1
. PDI: 1.15. UV-Vis: 
λmax = 443 nm. PL: λmax = 564 nm. 
P3: Ni(dppp)Cl2 used: 0.005 eq – DCM fraction. GPC: Mn = 18 947 g mol
-1
, MW = 18 950 g mol
-1
. 
PDI: 1.14. UV-Vis: λmax = 450 nm. PL: λmax = 569 nm. 
P4: Ni(dppp)Cl2 used: 0.005 eq – CHCl3 fraction. GPC: Mn = 37 659 g mol
-1
, MW = 38 375 g mol
-1
. 
PDI: 1.4. UV-Vis: λmax = 452 nm. PL: λmax = 569 nm. 
P5: Ni(dppp)Cl2 used: 0.008 eq – DCM fraction. GPC: Mn = 10 100 g mol
-1
, MW = 14 300 g mol
-1
. 
PDI: 1.4. UV-Vis: λmax = 447 nm. PL: λmax = 568 nm. 
P6: Ni(dppp)Cl2 used: 0.008 eq – CHCl3 fraction. GPC: Mn = 24 200 g mol
-1
, MW = 34 200 g mol
-1
. 
PDI: 1.4. UV-Vis: λmax = 453 nm. PL: λmax = 569 nm. 
Azide functionalized poly(3-hexylthiophene) (P3HT-N3). In a Schlenk flask P3HT-Br (0.1816 g) 
was dissolved in dimethyl formamide (10 mL). Under argon atmosphere sodium azide (0.0787 g) was 
added and the reaction mixture was heated at 120 °C overnight. After cooling to room temperature, the 
reaction was quenched with distilled water and the polymer was extracted with warm chloroform. The 
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organic layer was dried with Na2SO4, filtered, the solvent was evaporated and the residue was dried 
under vacuum for 24 h. After purification, the material was kept in an inert atmosphere and in a dark. 
1
H-NMR and 
13
C-NMR are similar to those one, recorded for P1. 
FT-IR: 2924.81, 2857.80, 2100.01 (N3), 1562.43, 1463.32, 1261.08, 1023.53 cm
-1
. 
P3HT-(C60-dipentinyl malonate)-P3HT (3). Compound 2 
(0.013 mmol, 12 mg) and P3HT-N3 (0.028 mmol, 56 mg) 
were dissolved in 5 mL of dry tetrahydrofuran, which had 
been degassed by three freeze-pump-thaw cycles. Under 
argon atmosphere, PMDETA (2.4 x 10
-8
 mol, 5 µL) was 
added, the solution was stirred, copper (I) iodide (1.4 x 10
-5
 
mol, 2 mg) was added and the reaction mixture was stirred overnight. Afterwards 5mL of a 1 M 
NH4Cl solution was added and the reaction mixture was stirred for 0.5 h to fully quench Cu salt. The 
mixture was precipitated in MeOH, filtered; the solids were washed several times with MeOH and 
pentane and dried under vacuum for 24 h. 
P1-C60-P1: 
1
H-NMR (400 MHz, CDCl3): (ppm) 6.98 (1H, H7), 4.63 (H5), 2.80 (2H, H8), 2.43 (H3), 
2.08 (H4), 2.04(H1), 1.71 (2H, H9), 1.57 (), 1.44 (2H, H10), 1.35 (4H, H11-H12), 0.91 (3H, H13). 
For higher MW polymers 
1
H-NMR signals of fullerene-dipentynyl malonate were not visible anymore 
due to too low fullerene:P3HT ratio. 
P2-C60-P2: GPC: Mn = 28 396 g mol
-1
; MW = 34 134 g mol
-1
. PDI: 1.2-1.3. 
3. AFM measurements. 
Sample preparation for the thin film measurements. 
For the thin film morphology measurements 1 mg mL
-1
 solutions were prepared of commercial P3HT 
(Rieke Metals, Inc.), P1, P2 and the triad (P2)2-(C60-DPM) in two different solvents: THF and o-
DCB. P1 dissolved readily in few minutes in both solvents, commercial P3HT also dissolved readily 
in DCB, whereas all other samples showed only slight yellow colouring of the solutions. All solutions 
Figure 13. The solutions of P3HT polymer (commercial – 1-2, P1 – 3-4, P2 – 5-6) and the triad with C60-dipentyl 
malonate ((P2)2-C60-DPM) (1 mg/mL). Samples Nr.1, 3, 5, 7 – in THF; Nr.2, 4, 6, 8 – in o-DCB. 
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were kept for 24 h at room temperature, but still did not dissolve. Subsequently they were inserted in a 
warm water bath for 5-10 min. All the samples dissolved, except P2 in THF, where the solution was 
only slightly yellowish and with lots of particles remaining. The o-DCB solution of P2 did show a 
clear bright orange-red colour. C60-dipentynyl malonate helps to dissolve the polymer in both solvents, 
as triad dissolved in THF as well, only showing big aggregation behaviour and brown colour of the 
solution (whereas in o-DCB it was similar to the solution of P2 in o-DCB). After dissolving the 
materials (except polymer P2 in THF), the solutions were drop-casted on ITO slides. THF solutions 
solidified very quickly, forming purple films, whereas o-DCB films needed much more time (few 
days) to make solid films and to dry completely. The films were left to dry in air for 3 days. 
4. Powder XRD measurements 
Powder XRD measurements were performed on a Bruker D8 AXS Advance X-ray diffractometer 
(monochromatic Cu Kα radiation, λ = 1.54 Å) in the range of 2θ = 2 to 50°. Thin film powder X-ray 
diffractograms (PXRD), air-dried drop-casted thin films on ITO / glass substrates are shown in Figure 
14.  
   Calculated data of the PXRD measurements (Figure 7) is given in Table 5:  
Name 2θ, degrees Relative intensity d spacing Corresponding 
plane
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P3HT-N3 (P2) 5.4648 82.9 16.16 (100) 
10.8499 37.0 8.15 (200) 
16.9363 59.0 5.23 (300) 
19.1237 62.8 4.64 (002) 
21.4531 63.3 4.14 (120) 
23.4151 100 3.80 (020) 
28.0989 33.6 3.17 (220) 
29.5015 29.1 3.03  
Table 5. Powder XRD data of P3HT-N3 and the triad (P3HT)2-C60. 
Figure 14. Thin-film (not annealed) powder XRD of P3HT-Br and (P3HT)2-C60. After annealing, similar spectra as 
shown in the Figure 7, was recorded. 
2θ 
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32.1899 27.2 2.78 (320) 
33.9014 23.8 2.64  
37.7837 27.5 2.38 (420) and (620) 
48.9129 24.4 1.86  
P3HT-C60-P3HT  4.2375 59.3 20.84 Fullerene signal 
5.3980 100 16.36 (100) 
10.6996 47.9 8.26 (200) 
17.8881 63.8 4.95 (300) 
21.4531 52.3 4.14 (120) 
23.0728 47.3 3.85 (020) 
27.9069 24.1 3.19 (220) 
5. Preparation of organic solar cell devices 
Photovoltaic device fabrication started from cleaning of the Indium Tin Oxide (ITO) patterned glass 
substrates (15 Ω sq-1) (from the company Naranjo substrates) by subsequent sonication in acetone, 
soap cleaning and sonication in isopropanol, after which a 30 min UV-ozone cleaning was executed. 
On the clean ITO substrate Zinc Oxide (ZnO), which acted as Electron Transport Layer (ETL), was 
spin-coated from a solution consisting of zinc acetate dehydrate and ethanolamine in a 1:1 ratio, 
dissolved in 2-methoxyethanol. Formation of the amorphous ZnO solid layer occurred in a sol-gel 
reaction while annealing at 120 °C for 5 min. The solution of the active layer was prepared by 
dissolving [6,6]-Phenyl-C61-butyric-acid-methyl-ester (PCBM) and Poly(3-hexylthiophene) (P3HT) in 
a 1:1 ratio with a total concentration of 40 mg ml
-1 
in o-dichlorobenzene. Dissolution of the materials 
was done subsequently stirring and heating overnight. The active layer was spin-coated immediately 
after the formation of ZnO layer. Annealing was performed at 110
 
°C for 30 min to obtain the dry 
solid layer.  
   A 2 second N2-plasma of 10 W was performed at 0.6 mbar to improve wetting characteristics of the 
Hole Transport Layer (HTL) to the active layer. The HTL consisted of CPP-PEDOT (CLEVIOS
TM
 P 
FORM. CPP105D), and was spin-coated at high speed from an Isopropanol diluted CPP-PEDOT 
solution, after which annealing at 120
 
°C for 10 min was performed. Finally, the 1 kÅ Silver back 
contact was applied by Vacuum Deposition at 3.10
-7 
mbar in a thermal evaporator. The active area was 
twice 0.092 cm
2
 and twice 0.126 cm
-2
 for each substrate. 
   Typical solar cell parameters were measured under standard conditions. The J–V characteristics of 
the cells under the 1000 W m
-2
 AM1.5 standard solar spectrum were determined by the use of a 
xenon-halogen solar simulator (ABET Sun 2000) and a GaAs reference cell, which was calibrated at 
the National Renewable Energy Laboratory (NREL). Measurements were performed using a mask of 
0.058 cm
-2
 and 0.116 cm
-2
 for the 0.092 and 0.126 cm
-2
 device areas respectively. The EQE (external 
quantum efficiency) was measured with a ReRa SpeQuest system, using a similar mask. Calibration 
was performed using ThorLabs Si photodiode with known spectral response and systematic error of ≤ 
3 %. 
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   Photovoltaic device fabrication (for the morphology measurements) started from the subsequent 
cleaning of ITO substrates (20 Ω sq-1) in acetone, sonication in acetone (10 min) and isopropanol (12 
min) and an oxygen plasma treatment (10 min). On the cleaned substrate PEDOT-PSS (1.3 wt. % in 
water, Aldrich) was spin-coated, following with pre-annealing (10 min, 150 °C). Afterwards the active 
layer, consisting of PCBM:P3HT (0.8:1) mixture (and additional amounts of (P2)2-C60) was deposited 
by spin-coating. The counter electrode, consisting of aluminium (1.5 kÅ) was deposited by vacuum 
evaporation at about 3 x 10
-6
 mbar at a rate of 2 Ås
-1
. Post-annealing was performed at 150 °C for 10 
min.  
References 
1. G. Yu and a. J. Heeger, J. Appl. Phys., 1995, 78, 4510. 
2. J. Halls, C. Walsh, and N. Greenham, Nature, 1995, 376, 498. 
3. G. Yu, J. Gao, J. Hummelen, F. Wudl, and A. Heeger, Science, 1995, 270, 1789–1791. 
4. B. C. Thompson and J. M. J. Fréchet, Angew. Chem. Int. Ed. Engl., 2008, 47, 58–77. 
5. J. Peet, J. Y. Kim, N. E. Coates, W. L. Ma, D. Moses, a J. Heeger, and G. C. Bazan, Nat. Mater., 2007, 
6, 497–500. 
6. J. K. Lee, W. L. Ma, C. J. Brabec, J. Yuen, J. S. Moon, J. Y. Kim, K. Lee, G. C. Bazan, and A. J. 
Heeger, J. Am. Chem. Soc., 2008, 130, 3619–23. 
7. S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, and J. C. Hummelen, Appl. Phys. 
Lett., 2001, 78, 841. 
8. M. T. Rispens, A. Meetsma, R. Rittberger, C. J. Brabec, N. S. Sariciftci, and J. C. Hummelen, Chem. 
Commun. (Camb)., 2003, 2116–8. 
9. M. Al-Ibrahim, O. Ambacher, S. Sensfuss, and G. Gobsch, Appl. Phys. Lett., 2005, 86, 201120. 
10. W. Ma, C. Yang, X. Gong, K. Lee, and a. J. Heeger, Adv. Funct. Mater., 2005, 15, 1617–1622. 
11. M. Campoy-Quiles, T. Ferenczi, T. Agostinelli, P. G. Etchegoin, Y. Kim, T. D. Anthopoulos, P. N. 
Stavrinou, D. D. C. Bradley, and J. Nelson, Nat. Mater., 2008, 7, 158–64. 
12. T. Erb, U. Zhokhavets, G. Gobsch, S. Raleva, B. Stühn, P. Schilinsky, C. Waldauf, and C. J. Brabec, 
Adv. Funct. Mater., 2005, 15, 1193–1196. 
13. F. Padinger, R. S. Rittberger, and N. S. Sariciftci, Adv. Funct. Mater., 2003, 13, 85–88. 
14. S. Bertho, I. Haeldermans, A. Swinnen, W. Moons, T. Martens, L. Lutsen, D. Vanderzande, J. Manca, 
A. Senes, and A. Bonfiglio, Sol. Energy Mater. Sol. Cells, 2007, 91, 385–389. 
15. A. Swinnen, Eur. Phys. J. Appl. Phys., 2007, 36, 251–256. 
16. J. U. Lee, J. W. Jung, T. Emrick, T. P. Russell, and W. H. Jo, J. Mater. Chem., 2010, 20, 3287. 
17. B. W. Boudouris, F. Molins, D. a. Blank, C. D. Frisbie, and M. a. Hillmyer, Macromolecules, 2009, 42, 
4118–4126. 
18. I. Osaka and R. D. McCullough, Acc. Chem. Res., 2008, 41, 1202–14. 
19. M. Wang, A. J. Heeger, and F. Wudl, Small, 2011, 7, 298–301. 
20. N. Banerji, J. Seifter, M. Wang, E. Vauthey, F. Wudl, and A. J. Heeger, Phys. Rev. B, 2011, 84, 075206. 
71 
 
21. C. W. Tornøe, C. Christensen, and M. Meldal, J. Org. Chem., 2002, 67, 3057–64. 
22. V. V Rostovtsev, L. G. Green, V. V Fokin, and K. B. Sharpless, Angew. Chem. Int. Ed. Engl., 2002, 41, 
2596–9. 
23. J. Iehl, R. P. de Freitas, and J.-F. Nierengarten, Tetrahedron Lett., 2008, 49, 4063–4066. 
24. R. Pereira de Freitas, J. Iehl, B. Delavaux-Nicot, and J.-F. Nierengarten, Tetrahedron, 2008, 64, 11409–
11419. 
25. R. H. Lohwasser and M. Thelakkat, Macromolecules, 2011, 44, 3388–3397. 
26. M. Trznadel, a Pron, M. Zagorska, R. Chrzaszcz, and J. Pielichowski, Macromolecules, 1998, 31, 5051–
8. 
27. a. Zen, J. Pflaum, S. Hirschmann, W. Zhuang, F. Jaiser, U. Asawapirom, J. P. Rabe, U. Scherf, and D. 
Neher, Adv. Funct. Mater., 2004, 14, 757–764. 
28. E. Lioudakis, C. Kanari, A. Othonos, and I. Alexandrou, Diam. Relat. Mater., 2008, 17, 1600–1603. 
29. a. J. Moulé and K. Meerholz, Adv. Mater., 2008, 20, 240–245. 
30. F. Zhang, K. G. Jespersen, C. Björström, M. Svensson, M. R. Andersson, V. Sundström, K. Magnusson, 
E. Moons, a. Yartsev, and O. Inganäs, Adv. Funct. Mater., 2006, 16, 667–674. 
31. K. Kanai, T. Miyazaki, H. Suzuki, M. Inaba, Y. Ouchi, and K. Seki, Phys. Chem. Chem. Phys., 2010, 12, 
273–82. 
32. T. Prosa, M. Winokur, and J. Moulton, Macromolecules, 1992, 25, 4364–4372. 
33. T. Prosa, M. Winokur, and R. McCullough, Macromolecules, 1996, 29, 3654–3656. 
34. B. Tremolet de Villers, C. J. Tassone, S. H. Tolbert, and B. J. Schwartz, J. Phys. Chem. C, 2009, 113, 
18978–18982. 
35. S. Virgilio, Thesis 2012. 
36. M. Kaltenbrunner, M. S. White, E. D. Głowacki, T. Sekitani, T. Someya, N. S. Sariciftci, and S. Bauer, 
Nat. Commun., 2012, 3, 770. 
37. D. Chen, A. Nakahara, D. Wei, D. Nordlund, and T. P. Russell, Nano Lett., 2011, 11, 561–7. 
38. N. D. Treat, C. G. Shuttle, M. F. Toney, C. J. Hawker, and M. L. Chabinyc, J. Mater. Chem., 2011, 21, 
15224. 
39. R. C. Hiorns, R. de Bettignies, J. Leroy, S. Bailly, M. Firon, C. Sentein, a. Khoukh, H. Preud’homme, 
and C. Dagron-Lartigau, Adv. Funct. Mater., 2006, 16, 2263–2273. 
40. A. L. Ayzner, D. D. Wanger, C. J. Tassone, S. H. Tolbert, and B. J. Schwartz, J. Phys. Chem. C, 2008, 
112, 18711–18716. 
41. J. B. Kim, K. Allen, S. J. Oh, S. Lee, M. F. Toney, Y. S. Kim, C. R. Kagan, C. Nuckolls, and Y.-L. Loo, 
Chem. Mater., 2010, 22, 5762–5773. 
42. Y.-C. Lai, T. Higashihara, J.-C. Hsu, M. Ueda, and W.-C. Chen, Sol. Energy Mater. Sol. Cells, 2012, 97, 
164–170.  
 
72 
 
Chapter 2 
 
 
 
 
Amphiphilic fibers of the polythiophene-
fullerene triads 
 
 
 
 
 
 
 
 
 
 
Success consists of going from failure to failure without loss of enthusiasm. 
Winston Churchill 
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4 Amphiphilic fibers of the polythiophene-fullerene triads 
ABSTRACT: In most bulk heterojunction (BHJ) solar cell devices, the conjugated polymer and the electron 
acceptor are randomly distributed throughout the film, leading to the localized trapping of the charge carriers in 
isolated donor/acceptor domains. Here we present the design and synthesis approaches of amphiphilic 
polythiophene-C60 dipentynyl malonate (DPM) triads for the usage in the organic photovoltaic devices as 
compatibilizers. Thiophenes with three or four oligo(ethylene glycol) chains, located at 3-position of the 
thiophene were used as monomers and Grignard methathesis (GRIM) polymerisation method was chosen as the 
polymer synthesis route. All of the polymerisation reactions gave only low yields (<9%) of soluble polymers. 
The investigation of the reaction mechanism revealed the formation of 70% of in GRIM polymerisation non-
reactive 2-MgBr species. Molecular modelling of the monomer-Grignard structures using Spartan showed the 
energy decrease of the molecule, if the oligo(ethylene glycol) chains made a complex with a magnesium centre. 
The folding of the magnesium centre prevented the molecule of the attack of the nickel catalyst and thus only a 
small amount of polymer can be formed. The low solubility and low yields of amphiphilic polythiophenes 
limited the application possibilities of the polymers and therefore other synthetic methods over developed. 
4.1 Introduction 
One of the key challenges in organic solar cells (and other electro optic devices) is to obtain control 
over the material morphology at both the nano- and the micro-scale. The commonly used organic 
bulk-heterojunction solar cell is composed of the polythiophenes as electron donors and the fullerene 
derivatives as electron acceptors.
1–6
 In those mixtures, one of the most important factors, that 
influences the final morphology of the solar cell is the solvent.
2,4,7–10
 Ideally, the solvent perfectly 
mixes the C60 derivatives and the conjugated polymers in solution and a system with hetero junctions 
within the exciton diffusion length is achieved. In practice, however, it has been shown that due to a 
limited miscibility of one of the two components, clusters are formed, which lead to a reduced 
interfacial area and thus to a lower power conversion efficiency (PCE).
11
 These results have stimulated 
people to intensify their search for new alternative approaches to control the morphology at the 10-100 
nm scale.
1,12,13
 
   One of the possibilities to reduce cluster formation is the covalent attachment of the fullerene 
structures to the conjugated polythiophene system. “Double-cable” polymers, consisting of the 
conjugated electron donor polymer and a fullerene derivative, grafted as a side group on this polymer, 
has shown the capacity to limit phase separation.
14
 These materials, however, only showed moderate 
PCEs in devices.
15–18
 The end-capped systems also gave just moderate results.
19
 In Chapter 1, the 
novel triad (P3HT)2-C60 was described, but either as a donor or as a compatibilizer in a PCBM:P3HT 
blend, this material did not improve the PCE of devices. This system, however, was not amphiphilic, 
which is an important characteristic of the compatibilizers.
20,21
 In order to enhance the amphiphilicity, 
an equivalent triad, consisting of two hydrophilic polythiophene units, attached to one hydrophobic 
C60- pentynyl malonate molecule was designed. The main triad structure and the general synthetic 
route are given in Scheme 1. The synthesis of C60 dipentynyl malonate was described in the previous 
Chapter and is not discussed here. The synthesis of the hydrophilic polythiophene units was not as 
trivial as expected. 
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4.2 Synthesis and properties of hydrophilic polythiophenes 
Several water soluble polythiophenes have been reported, which have charged side chains.
22–25
 From 
the reported neutral polythiophenes, only those, bearing oligoethylene tails fulfil both requirements of 
hydrophilicity and the match with the solar spectrum. Sheina
26
 first reported the synthesis of 
oligoethylene glycol bearing polythiophenes. These polymers, synthesized by the Grignard 
methathesis polymerisation method (GRIM),
27
 showed high stability, processability and conductivity. 
An additional advantage of these polymers is the oxygen atom, directly attached to the thiophene; such 
alkoxy polythiophenes show a reduced band gap and a more stable conducting state of the 
polymer.
26,28,29
 The synthesis of the similar polythiophenes with oligoethylene glycol chains was 
reported by Zhao et al.
30
 In contrast to the report of Sheina, the GRIM method only yielded low MW 
polymers. The authors speculated that the low molar masses were the result of the high polarity of the 
ethylene glycol chain or due to the metal complex formation by a strong coordination of tetraethylene 
glycol (4EG) moiety. Xue et al.
31
 also reported the synthesis of 4EG chain bearing thiophene. The 
authors reported the formation of the polymer, which in fact were only small oligomers, as the final 
product was purified by column chromatography (silica gel, EtOAc/MeOH 20:1) and finally 
recrystallized. Consequently, the reported GPC results (Mn is almost 14 kDa) do show only the low 
wavelength absorption (376 nm). Higashihara et. al.
32
 reported polythiophene with a triethylene glycol 
(3EG) chain, attached to the polythiophene main chain, through a methylene spacer. The water 
solubility of this polymer, however, was not reported. Extension of the ethylene glycol tails in such 
structure might enhance water solubility of these polymers which makes them good candidates to 
serve as the hydrophilic part of the amphiphile. 
   In our design of amphiphilic dyads, the ethylene glycol substituted polythiophenes, equivalent to 
Sheina
26
 and Zhao
30
 were chosen, but with 4EG tails to increase hydrophilicity (Scheme 1). In 
Scheme 1. Design of the synthesis of the amphiphilic triads of C60-pentynyl malonate – (PTh)2. Three different 
polymers (P1 – P3) were designed. Reaction conditions: i) NaN3, DMF, reflux; ii) C60-dipentynyl malonate, PMEDTA, 
CuI, DCM, r.t. 
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addition, we investigated the use of the 3EG substituted polythiophene, but with a methylene spacer, 
based on  the work of Higashihara (P3).
32
 
Synthesis of P1. The synthetic route to polymer P1 is given in Scheme 2. The synthesis started from 
3-bromothiophene, which was alkylated with tetra ethylene glycol, using potassium tert-butoxide (t-
BuOK) and copper (I) iodide to give the compound 1. The terminal alcohol group was methylated, 
using potassium hydroxide and methyl iodide, yielding compound 2 in 74%. The bromination of the 
thiophene required optimisation to reach acceptable yields. The bromination with bromine and acetic 
acid in chloroform
33
 yielded no product. Commonly used mild bromination of thiophenes with N-
bromosuccinimide (NBS) and acetic acid,
31
 gave product 3 in 52 % yield, whereas the new sonication 
method with NBS and ethyl acetate
34
 gave the same product in 68 % yield. The latter method also 
yielded the easiest purification. The dibrominated monomer 3 was used in GRIM polymerisation 
reactions, following the procedure of Sheina.
26
 In one hand, however, this procedure did not yield any 
polymer. We modified the procedure several times, varying the Grignard reagent, the temperature and 
the reaction time.
31,35–37
 None of them, however, yielded any significant amount of polymer. An 
overview of the polymerisation conditions tried is given in Table 1.  
 
Scheme 2. Synthesis of the polythiophene with the 4EG side chains. Reaction conditions: i) t-BuOK, CuI, 100 °C, 24 h, 
y.25%; ii) KOH, MeI, DMSO, r.t., y.74%; iii) NBS, EtOAc, sonication, y.68%; iv) RMgBr, Ni(dppp)Cl2, y.3%. 
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Grignard reagent Conditions (Grignard step) Conditions (Ni(dppp)Cl2 step) 
tBuMgCl 60 °C, 2h r.t., 1h 
MeMgBr r.t., overnight reflux, 1h 
MeMgBr reflux, overnight reflux, overnight 
tBuMgCl reflux, overnight reflux, overnight 
EtMgBr reflux, overnight reflux, overnight 
EtMgBr r.t., overnight reflux, 12h 
EtMgBr r.t., overnight + LiCl reflux, 12h 
   The negative polymerisation results prompted us to investigate the polymerisation mechanism, using 
1
H-NMR spectroscopy. The polymerisation reaction of bromothiophenes by the GRIM method 
consists of two main steps. In the first step, treatment of the 2,5-dibromothiophene with the Grignard 
reagent results in a magnesium-bromine exchange reaction. For 3-alkyl thiophenes, this leads to a 
distribution of regio-isomers I and II of 75:25 to 85:15 (Scheme 3).
35
 In the second step (Scheme 4), 
the freshly added [1,3-bis(diphenylphosphino)propane] dichloronickel(II) (Ni(dppp)Cl2) reacts with 
compound I to yield the bis(organo)-nickel compound (III). This compound undergoes a reductive 
elimination to form an associated pair, composed out of the tail-to-tail coupled dimer (V) and a nickel 
(0) compound (IV). Next, the dimer undergoes a fast oxidative addition to the nickel (0) centre. The 
growth of the polymer now occurs by the insertion of a monomer, after which the complex undergoes 
a reductive elimination and the oxidative addition cycles again. After several cycles, polymers with a 
high molecular weight can be obtained.
35
 One should realise that this mechanism, described above, is 
only one of the proposed GRIM polymerisation mechanisms and that the role of the nickel centre in 
the catalytic cycle is still under debate. Yokozawa,
38
 for instance, suggested that the mechanism 
proceeds by an intramolecular transfer of the nickel-species to the terminal C-Br chain during 
propagation, whereas Rawlins
39
 claimed that the nickel-complex is not even associated to the polymer 
chain and diffuses through the solution.  
   Both steps (Scheme 3 and 4) were followed by 1H-NMR spectroscopy. The progress of the Grignard 
step of the compound 3 (Scheme 2) with ethyl magnesium bromide (EtMgBr) was followed by taking 
aliquots at regular intervals and measuring 
1
H-NMR after quenching with water. The conversion of the 
thiophene-magnesium bromide formation is represented in Figure 1a, which shows full conversion of 
the thiophene already after ten minutes. The Grignard reaction on the dibromothiophene 3 can yield 
Table 1. Overview of the polymerisation reactions of 2,5-dibromo–3-oxy methylene tetraethylene glycol. All these 
reactions were done in tetrahydrofuran. 
 
Scheme 3. The first step of Grignard Methathesis Polymerisation reaction of 2,5-dibromothiophenes, initiated by RMgBr 
species. Only Grignard species I are further incorporated into the polymer chain. 
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two different products I and II (Scheme 3). 
1
H-NMR analysis showed that II is the major product. 
This result is unexpected since long alkyl chains on the 3-position of the thiophene ring is known to 
hinder the substitution at 4-position.
40
 The formation of II as the major product has large implications 
for the GRIM polymerisation reaction, in particular in the first step of the polymerisation mechanism 
(Scheme 4). This step starts with the formation of the compound V which is formed by a tail-to-tail 
coupling of two equivalents of the compound I. This compound is preferentially formed (instead of 
head-to-head or head-to-tail couplings, Figure 2) due to the steric hindrance, caused by the catalyst, 
which bears a bulky ligand (dppp) and a small metal center (Ni). In addition, the reaction of more 
conjugated intermediates (dimers, trimers…) with the catalyst is faster than that of monomers and only  
the monomers I can be added due to a steric hindrance, yielding in a regioregular polymer.
40
  
Scheme 4. The second step of the grignard methathesis polymerisation of polythiophenes, initiated by nickel catalyst II. 
Only 4-MgBr species can bind with II due to steric hindrance. 
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  It can be argued that ethylmagnesium bromide is a small, non-bulky molecule and that the lack of 
Figure 1. Progress of the Grignard reaction (step 1, Scheme 3), followed by 1H-NMR spectroscopy. The conversion of 
thiophene monomer (a) shows preferential formation of compound II. b) 1H-NMR spectra showing the formation of 70% 
of the inactive Grignard species II (structure is shown in (a)). NMR shows thiophene protons after the reduction of MgBr 
group. Proton of the active compound I appears at 7.20ppm and of the inactive compound II at 6.15ppm. 
a) 
b) 
Reaction 
time 
* 
* 
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steric hindrance forces the molecule to react at the 2-position. To see whether steric effects change the 
regioselectivity of the reaction, we used tert-butylmagnesium chloride for the Grignard reaction. 
Under these conditions, however, also a preference for the 2-position was observed. Our results are in 
line with literature reports that indicate that the nature of the Grignard reagent does not greatly 
influence regioselectivity.
40
 
 
Figure 2. Structures of the possible thiophene - Ni catalyst – thiophene trimers with the high steric hindrance. 
 
Figure 3. Structures of the possible Grignard-thiophene species as starting points for the molecular modelling 
(Spartan). 
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Modelling studies of the polymer P1 formation. To further investigate the formation of the non-
reactive species, we performed theoretical geometry optimisation of the molecules using Spartan 
software. As such, we have drawn four structures of the tetra(ethylene glycol) monomethyl 
etherthiophene moieties: two with bromomagnesium at 5-position (Ia,b, Figure 3) and two at 2-
position (IIa,b, Figure 3).  
The first of those conformations had extended ethylene glycol tails (a); whereas the second ones had 
tetraethylene glycol tails, wrapped around the magnesium centre (b). In the first conformation, the 
open magnesium centre remained, which gives the opportunity for the formation of the dimer with the 
nickel catalyst. In the second conformation, the ethylene glycol chains generate a metal-ligand 
complex and the formed crown ether species blocks the metal centre. Energy minimization was 
performed using the RB3LYP method with the LACVP basis set, which gives a good description of 
the magnesium atom. The energies of all four structures after optimisation are given in Table 2. 
  The optimized structures are shown in Figure 4. We emphasize that all those structures are local 
minimums (the calculated minimum-energy structures, starting from the as-drawn structures) and may 
be not the global minimum. Still the local minimums of the structures gave very important 
information. As can be seen from the energy data in Table 2, the folded structure Ib appeared to be 
the most stable one, with the lowest energy (= -946226.97 kcal mol
-1
). Those calculations were 
performed in vacuum and did not include entropy driven de-solvation effects, nor the effective 
molarity effects, which both would stabilize the wrapped conformation even more. According to 
Anslyn et. al.
41
 the ethylene glycol tail does not have to be dissolved by the solvent, because it is 
wrapped around the magnesium, which yields an entropic advantage. Further, when the first oxygen 
has coordinated to the magnesium, this makes it easier for the second oxygen to find the magnesium 
and to coordinate. The 52.4 kcal mol
-1
 energy difference comparing it with the un-folded structure Ia 
and 18.95 kcal mol
-1
 difference comparing with the folded 5-MgBr structure IIb, confirms the 
preference of the Grignard formation at the 2-position. The calculations also clarify why the desired 5-
substituted Grignard species (at 30 % yield) are still very difficult to polymerize. The long 
Molecule Final energy after geometry 
optimization, hartrees 
Energy, kcal/mol Difference, taking the lowest 
energy structure as 0, kcal/mol 
Ia -1507.82 -946174.58 +52.40 
Ib -1507.91 -946226.97 0 
IIa -1507.80 -946161.77 +65.20 
IIb -1507.88 -946208.02 +18.95 
 
Table 2. DFT energies of the optimized structures (in vacuum) of the Grignard-thiophene species, depicted in Figure 4. 
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tetra(ethylene glycol) chain still prefers to coordinate to the magnesium centre, even if it is in the 5-
position. Folding of the magnesium centre with the oligo(ethylene glycol) chains prevents the attack of 
the nickel catalyst. 
   In summary, the modelling studies confirmed the preference of the 2-bromomagnesium species 
formation instead of the 5-bromomagnesium species. In addition, wrapping of the tetra(ethylene 
glycol) tail around the magnesium centre hinders the polymerisation reaction, initiated by the nickel 
catalyst. Notwithstanding, 30 % of the active species I were still formed, which we polymerised to 
investigate the properties of the polymer. 1 gram of the monomer was expected to yield at least 100 
mg of the polymer (full conversion of the 30 % 5-substituted Grignard salt would yield 195 mg 
polymer). In order to obtain high MW polymer, we took 0.01 eq. Ni(dppp)Cl2. The polymerisation was 
performed in tetrahydrofuran under reflux and in argon atmosphere. The Soxhlet extraction with 
pentane, heptane, methanol and finally chloroform was performed. The concentrations of all Soxhlet 
fractions were too low for GPC analysis. UV-Vis absorption spectroscopy of the chloroform fraction 
Ia Ib 
IIa IIb 
Figure 4. Minimized structures of the possible Grignard-thiophene species for the formation of P1. 
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showed material with the absorption maximum at 586 nm. The material also showed broad, polymer-
like 
1
H-NMR spectra. The comparison of the spectrum with the one of the monomeric compound 3 
(Scheme 2) is shown in Figure 5. Broadening of the spectra and shifts of some peaks supports the 
formation of the polymer. Even so, a very low yield of this polymer was observed (26.4 mg which is a 
4 % yield from the whole monomer or 13.5 % from the 30 % of the reactive species).  
   Other regioregular polymerisation methods (Rieke,
42
 Suzuki coupling
43
 or Stille coupling
44
) are also 
using metal complexes; that could similarly lead to low yields of the polymer. The iodisation of the 5-
position would result in Grignard formation on the 5-position. However, the alkoxy group at a 3-
position of the thiophene deactivates the 5-position of the thiophene ring for electrophilic aromatic 
substitution.
45
 Having only 26.4 mg of the material in hands, we decided not to continue with this 
material. However, the question still remains, if this low band gap polymer will show the enhanced 
energy transfer while using it as a neat electron donor layer. 
Figure 5. Comparison of 1H-NMR spectra of monomer 3 (Scheme 2) (upper spectrum) and that of the polymer P1 (the 
spectrum below). Both spectra were recorded, using CDCl3 as a solvent. Broadening of the polymer spectra and slight 
shift of the peaks confirms the formation of the polymer. 
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Synthesis of P2. Since the routes towards the polymer P1 proved to be challenging, the focus was 
changed to polymers, similar to P1. Sheina et.al.
26
 reported the synthesis of a polymer with a 
tri(ethylene glycol) tail instead of the tetra(ethylene glycol), thus we decided to focus our attention on 
this polymer. Apparently, the interference of the tri(ethylene glycol) tail is not as dominant as of the 
tetra(ethylene glycol) tail. A polymerizable thiophene monomer with a tri(ethylene glycol) tail was 
synthesized using a similar reaction scheme as for compound 3, but with some changes. The reaction 
route is shown in Scheme 5. The monomethylated tri(ethylene glycol) tail bearing thiophene 4 was 
synthesized directly from 3-bromothiophene, using the triethylene glycol monomethyl ether, sodium 
hydride and CuBr. The bromination was performed using the usual procedure with NBS and acetic 
acid, giving dibrominated product 5 in 72 % yield. The first polymerisation reaction yielded only 3.6 
% of polymer with a UV-Vis absorption maximum at 566 nm. As we encountered so many troubles 
with the polymerisation of the tetra(ethylene glycol) tailed thiophene 3, we decided to do the 
polymerisation with a large amount of the monomer (1.2 g). Subsequent Soxhlet extraction with 
pentane, methanol and chloroform still gave the product in a less than 10 % yield (70 mg). The UV-
Vis absorption spectrum (Figure 6) showed a maximum at 593 nm. Taking the cut-off absorbance 
wavelength (656 nm), an optical band gap of 1.9 eV was calculated from the formula: 
     
 
 
                 
 where Eg is the optical band gap (in Joules); h is Plank constant (=6.626 x 10
-34
 J s); c is the speed of 
light (=3 * 10
8
 m s
-1); λ is the cut-off wavelength (in m). The obtained Eg value was converted into eV 
(1 eV = 1.6 x 10
-19
 J).  
 
Scheme 5. Synthesis of the polythiophene with the 3EG side chains. Reaction conditions: i) 3EG-monomethyl ether, NaH, 
CuBr, DMF, +110 °C, 2h, y.58%; ii) NBS, CH3COOH, -78 °C, y.72 %; iii) I iPrMgCl, THF, r.t., 4 h, II Ni(dppp)Cl2, THF, 
reflux, 24 h, y.3-6%. 
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     Again, GPC did not show any results for this material, probably due to the aggregation of the 
material inside the GPC column. MALDI-Tof experiments showed a MW of 1.2-3.5 kDa, but this 
value is not matching with the high UV-Vis absorption value. Literature values of absorbance 
maximums of different molecular weight polythiophenes are given in Table 3.  
Higher UV-Vis absorption maximums are expected for higher molecular weight polymers. Combining 
our results and the literature data clearly shows that the molecular weight determination using 
MALDI-Tof does not provide satisfactory results. The longest polymers should have the lowest band 
gaps (thus the highest UV-Vis absorption maximum). The reason of this might be that the longer 
polymers are not ionized and therefore are not detected by MALDI-Tof apparatus and only the short 
polymers are measured. 
   In order to understand the low yields of the polymerization, we again performed theoretical 
geometry optimization (Spartan) of the tri(ethylene glycol)-thiophene with the Grignard species on 2- 
and 5- positions. The structures are similar to the ones, drawn for tetra(ethylene glycol) thiophene 
Grignard species, shown in Figure 3. This time we minimized only one unfolded structure (IIIa), 
since the previous set of calculations indicated that structure IVa will be high in energy and thus 
unfavourable. The calculations were performed using the same method and gradient. Three minimum 
structures are shown in Figure 7 and the corresponding energies are given in Table 4. 
Polymers MW, kDa PDI Yield, % UV-Vis absorption maximum 
Sheina
26
 18 (GPC) 1.7 60 n.a. 
Kim
46
 21.4 (GPC) 1.32 38 578 
Batch 1 2.4-5.9 (MALDI) n.a. 3.6 566 
Batch 2 1.2-3.5 (MALDI) n.a. 9.7 593 
Table 3. Comparison of the UV-Vis data of the synthesized polymer with that given in the literature. 
0
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Figure 6. UV-Vis spectra of the chloroform fraction of polythiophene P2 with tri(ethylene glycol) side chains. 
85 
 
  
Similar to the thiophene with the tetra(ethylene glycol) chain, the most stable structure (with the 
lowest energy = - 849724 kcal mol
-1
) appeared to be 2-MgBr with the tri(ethylene glycol) chain, 
wrapped around the magnesium centre (IIIb). The unwrapped structure IIIa is higher in energy (49 
kcal mol
-1
), as well as the folded structure IVb with 5-MgBr (21.77 kcal mol
-1
). As the molecules 
always want to be at the minimum energy state, we anticipate that IIIb is the lowest energy 
conformation despite the difference in condition of the calculation (in vacuum) and the experiment 
(solution). The desolvation effects and the increased effective molarity effects are smaller for the 
thiophene with a tri(ethylene glycol) then for the thiophene with a tetra(ethylene glycol) tail, because 
the tail is shorter. Furthermore, the tail is not able to completely wrap around the magnesium centre. 
This effect enhances the probability for the thiophene to polymerize, which explains the slightly 
higher yield (9.5 % compared with 4 % yield of P1). Still unsatisfied with the yield, we explored 
additional possibilities towards oligo(ethylene glycol) decorated polythiophenes.  
Synthesis of P3. From the synthesis of P1 and P2 it was concluded that oligo(ethylene glycol) makes 
a complex with the metal species at the 2-position of the thiophene chain, resulting in the formation of 
Molecule Final energy after 
geometry optimization, 
hartrees 
Energy, kcal/mol Difference, taking the 
lowest energy structure as 
0, kcal/mol 
IIIa -1354.04 -849675.58 +49.01 
IIIb -1354.12 -849724.59 0 
IVb -1354.09 -849702.82 +21.77 
 
IIIa IVb IIIb 
Figure 7. Minimized structures of the possible thiophene-Grignard species, during the formation of polymer P2. The 
lowest energy structure appeared to be IIIb, which is stabilized by the complex formation of magnesium with 
oligoethylene glycol chain. The relative energies are given in Table 4. 
Table 4. The calculated DFT energy values of the optimized structures of thiophene-Grignard compounds (in 
vacuum), shown in Figure 7. 
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70 % non polymerizable 2-magnesium bromide thiophene. This strongly reduces the yield of the 
polymerisation reaction, as discussed above. In order to enhance the yield of the polymerizable 
Grignard species, attached to the 5-position of thiophene, it was decided to introduce iodo-substituent 
at the 5-position. The alkoxy group, directly attached to the thiophene ring reduces the activity of the 
5-position towards electrophilic substitution.
45
 It was therefore decided to introduce a methylene 
spacer between the thiophene ring and the alkoxy group, which would allow the functionalization of 
the 5-position with the iodine and enhance the yield of the polymerisation, as was earlier reported by 
Higashihara.
32
 
   The synthesis started from 3-methylthiophene, which was brominated at the methylene position by 
using benzoyl peroxide and NBS.
47,48
 The product (compound 6, Scheme 6) was filtered from the 
reaction mixture and directly used in the next alkylation reaction with a tri(ethylene glycol) 
monomethyl ether and sodium hydride, leading to the tri(ethylene glycol) monomethyl ether thiophene 
(7) in a 77 % yield. The bromination of 7 with one equivalent of NBS yielded the mono brominated 
product 8 in a high yield (95 %). The thiophene was then iodized using iodine and iodobenzene 
acetate,
32
 giving the desired product 9 in a 25 % yield. Mono bromo-mono iodo thiophene 9 was 
polymerized through a GRIM method and purified by a Soxhlet extraction. Again, a low yield of the 
 
Scheme 6. Synthesis of polythiophene with methyl-3EG chain (P3). Reaction conditions: i) NBS, benzoyl peroxide, 
benzene, reflux; ii) 3EG-monomethyl ether, NaH, THF, y.77%, iii) NBS, THF, y.95%; iv) I2, iodobenzene diacetate, 
DCM, r.t., y.25%; v) LiCl, iPr-MgCl, Ni(dppp)Cl2, +40 °C, y.9%. 
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product P3 was obtained (9 %). We speculate that the metal-oligothiophene complex formation is still 
dominant and therefore only a small amount of the reactive Grignard-thiophene species is formed.  
   Also for P3, GPC analysis did not give any results for the material, probably due to the aggregation 
of the amphiphilic molecule in the column. MALDI-Tof measurements indicated the formation of 
polymers with a molecular weight of 3.3-8.9 kDa, corresponding to 13-34 monomer units incorporated 
in the polymer. As was expected, a lower wavelength UV-Vis absorption band was recorded for this 
polymer (the spectrum is shown in Figure 8), with an absorption maximum at 436 nm. The cut-off of 
this absorption spectrum gives the optical band gap of 2.5 eV. However, in analogy to P2, MALDI-
Tof underestimates the molecular mass of the polymer. For the comparison, the data of Higashihara
32
 
is given in Table 5. Our synthesized polymer shows a slightly higher UV-Vis absorption maximum, 
compared to literature values; however, the molecular weight is much lower.  
     The most unexpected result was the low yield of the polymerisation reaction, especially comparing 
it with the procedure, reported in the literature. Again, we performed the geometry optimization of the 
thiophene-Grignard compounds using Spartan software. The same three structures were drawn with 
the Grignard species on 5- or 2-positions and in the unwrapped and wrapped forms. After the 
geometry optimization, energy calculations were performed; the results are shown in Table 6 and the 
optimized structures are given in Figure 9. The most stable structure has the MgBr at the 2-position 
and the tri(ethylene glycol) chain, wrapped around the magnesium centre (Vb). The most 
Polymer MW, kDa PDI Yield, % UV-Vis absorption maximum, nm 
Higashihara
32
 16.5 (GPC) 1.6 75 429 
P3 3.3-8.9 (MALDI) n.a. 8.9 436 
Figure 8. UV-Vis spectrum of P3 with the absorption maximum 436 nm. 
Table 5. Comparison of the UV-Vis absorption and MW of the synthesized polymer P3 with literature results. 
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unfavourable is the unfolded structure Va; the polymerizable Grignard species VIb also prefers the 
wrapped structure. All the oxygen atoms of the tri(ethylene glycol) chain are strongly coordinated to 
the magnesium centre; therefore it is very difficult to add the nickel complex and to start the 
polymerisation. 
 
   The addition of the tetra(ethylene glycol) chains instead of the tri(ethylene glycol) would be even 
more unfavourable. We minimized the structure of the corresponding thiophene with the tetra(ethylene 
glycol) chain, with the methylene spacer in-between and added the nickel catalyst to it. Geometry 
optimization of the structure with Spartan uncovered a strongly sterically hindered metal centre. The 
optimized structure is shown in Figure 10. Such a molecule has energy of -20 35185 kcal mol
-1
. 
   Low yields for all three polymers P1-P3, synthesized by the GRIM method, were observed, ranging 
from 4 to 9 %. As such, we decided to stop the search of other polymers or other polymerisation 
methods. 
   With insufficient amounts of P1-P3 for triad (P1-P3)2-C60 formation, we decided to use the 
remaining material to determine the optical and electrochemical properties of the polymers P1-P3. In 
our case, however, solubility of the polymers P1-P3 was highly limited. Unexpectedly, none of the 
Molecule Final energy after 
geometry 
optimization, 
hartrees 
Energy, kcal/mol Difference, taking 
the lowest energy 
structure as 0, 
kcal/mol 
Va -1393.33 -874327.86 +61.08 
Vb -1393.43 -874388.94 0 
VIb -1393.39 -874367.30 +21.64 
Table 6. The energy values of the optimized thiophene-Grignard compounds. 
 
VIb Vb Va 
Figure 9. Minimized structures of the thiophene-Grignard compounds during the formation of polymer P3. The most 
stable structure is Vb. The relative energies of the structures are given in Table 6. 
89 
 
polymers were soluble in water, but only in chloroform and partly in THF. Even heating the polymer 
solution at 95 °C did not yield the complete dissolution of the polymer. The low yields of polymers 
can also be attributed to the low solubility of the regioregular, high MW material, as a considerable 
amount was still present in the Soxhlet thimble after the extractions of the polymer. Low solubility 
issue of the polymers, unfortunately, blocked our possibilities to measure electrochemical properties. 
Several different electrodes for cyclic voltammetry experiments were tried (platinum, gold or glassy 
carbon) using dichloromethane as a solvent, but none of the experiments tried gave any signal in a 
solvent electrolytic window (-1.5 ÷ +1.9 eV vs. Ag/AgCl). In addition, no thermochromic response of 
the polymers P1-P3, usual for other polythiophenes was observed. The dark blue-violet chloroform 
solutions of the polymers did not give any significant colour change while heating from +20 to +95 
°C, confirmed by the non-changing UV-Vis spectra. The thermochromic response of similar polymers 
was explained by the conformation change of oligoethylene glycol side-chains in the polymer solution 
from nearly planar to a twisted upon heating.
28,49,50
 The conformation change gives colour change from 
violet to yellow. The low solubility and low yields of the polymers limited their application 
possibilities, therefore other synthesis methods must be found in order to synthesize (P1-P3)2-C60 
triads.  
4.3 Conclusions and outlook 
Aiming to reduce the cluster formation of fullerenes in organic polymer:fullerene solar cell devices, 
we studied fullerene:polythiophene triads, consisting of two amphiphilic polythiophenes with the 
oligoethylene glycol chains and one C60-pentynyl malonate molecule. The synthesis of the monomers 
(compounds 3, 5 and 9) was successful and in acceptable yields. However, the synthesis of the 
amphiphilic poly(thiophenes) appeared to be troublesome. None of the synthesized polymers gave > 
10% yield and, unexpectedly, all of the polymers were not soluble in water. The solubility in organic 
solvents was also limited. The low solubility and low polymerisation yields did not give us an 
opportunity to employ the material in organic solar cell devices and to try building (PTh)2 – C60 triad.  
Figure 10. The optimized structure of the Ni-thiophene complex, showing highly sterically hindered structure. 
Hydrogen atoms are not shown. 
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1
H-NMR studies of the formation of Grignard species showed the tendency to form non-reactive 
Grignard II species (Figure 1), which cannot be incorporated into polymer chain. Further molecular 
modelling (Spartan) revealed the stabilization of the Grignard II species, caused by the oligo(ethylene 
glycol) chain wrapping around the magnesium atom.  
   Other synthetic routes (Stille coupling or Suzuki coupling) may be good alternatives to provide 
soluble polythiophenes of lower molecular weight. The amphiphilicity of the polymers can still be 
improved by enhancing the number of oligoethylene glycol chains in one monomer unit. 
4.4 Experimental part 
1. General procedures and equipment 
All solvents were distilled under nitrogen before use. NMR spectra were taken on a 300 MHz 
Spectrospin spectrophotometer, a 400 MHz Bruker NMR machine and a 500 MHz Bruker ultrashield 
500 plus. NMR spectra were recorded in CDCl3; chemical shifts (δ) are given in ppm relative to 
solvent peaks (δ 7.26 for 1H and δ 77.36 for 13C). MALDI TOF measurements were taken on a Bruker 
apparatus. GPC measurements were done on a Shimadzu apparatus. LCQ measurements were done on 
a Finnigan LCQ Advantage max. For fluorescence measurements, a Perkin Elmer LS 55 was used and 
for UV/Vis measurements - a Perkin Elmer lambda 2 UV/Vis spectrometer. All chemicals used in the 
synthesis were obtained from Aldrich or Acros and used as received, unless otherwise mentioned. 
2. Synthesis 
2-(2-(2-(2-(Thiophen-3-yloxy)ethoxy)ethoxy)ethoxy)ethanol (1).
51 
Copper (I) iodide (2.558 g, 13.43 mmol), potassium tert-butoxide 
(10.535 g, 93.89 mmol) and tetra ethylene glycol (45.98 g, 220.79 
mmol) were added to a 250 mL Schlenk flask under an argon 
atmosphere. This mixture was stirred for half an hour, after which 3-bromothiophene (10.44 g, 64.03 
mmol) was added via a syringe. Then the mixture was heated to 100 °C and stirred for 24 hours at this 
temperature. After cooling the reaction mixture to the room temperature, the solids were filtered off 
and washed with dichloromethane. The organic solution was then successively washed with 10 % 
HCl, 10 % NH4Cl and NaCl solutions, dried with an anhydrous magnesium sulphate and filtered. 
After concentration, the crude product was purified by flash column chromatography on silica gel with 
ethyl acetate as an eluent. The desired product (4.608 g, 25 %) was obtained as yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.16 (dd, J= 5.2, 3.1 Hz, 1H, 1), 6.77 (dd, J= 5.2, 1.6 Hz, 1H, 2), 
6.27 (dd, J= 3.1, 1.6 Hz, 1H, 4), 4.12 (t, J= 4.9 Hz, 2H, 5), 3.84 (t, J= 4.9 Hz, 2H, 6), 3.70 (m, 10H, 7-
11), 3.61 (m, 2H, 12), 2.56 (br.s, 1H, 13). 
13
C-NMR (300 MHz, CDCl3, ppm): 157.05 (3), 124.15 (1), 119.06 (2), 97.08 (4), 72.00, 70.26, 70.16, 
70.08, 69.84, 69.19, 69.07, 61.25 (5-12). 
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13-(Thiophen-3-yloxy)-2,5,8,11-tetraoxatridecane (2).
52
 
Compound 1 (2.2 g, 7.97 mmol) and potassium hydroxide (2.419 
g, 43.11 mmol) were added to anhydrous dimethylsulfoxide (100 
mL) in a 250 mL Schlenk flask under an argon atmosphere. This 
mixture was stirred for one hour at room temperature. Than methylene iodide (10.18g, 141.94 mmol) 
was added via a syringe and the reaction mixture was stirred for 24 hours at room temperature. Next, it 
was poured into water and extracted with dichloromethane (three times). The combined organic layers 
were then washed with water (three times), dried with anhydrous magnesium sulphate and filtered. 
After concentration, the crude product was purified by flash column chromatography on silica gel with 
ethyl acetate as an eluent. The desired product (1.702 g, 74 %) was obtained as yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.16 (dd, J= 5.2, 3.1 Hz, 1H, 1), 6.77 (dd, J= 5.2, 1.6 Hz, 1H, 2), 
6.26 (dd, J= 3.1, 1.6 Hz, 1H, 4), 4.12 (t, J= 4.9 Hz, 2H, 5), 3.84 (t, J= 4.9 Hz, 2H, 6), 3.68 (m, 10H, 7-
11), 3.54 (m, 2H, 12), 3.37 (s, 3H, 13). 
13
C-NMR (300 MHz, CDCl3, ppm): 157.09 (3), 124.11 (1), 119.07 (2), 97.00 (4), 71.43, 70.27, 70.11, 
70.01, 69.17, 69.08, 58.50 (5-13). 
13-(2,5-Dibromothiophen-3-yloxy)-2,5,8,11-tetraoxatridecane (3). Sonication method.
34
 
Compound 2 (0.496 g, 1.71 mmol) was dissolved in ethyl 
acetate (20 mL) in a 100 mL round bottom flask. To this 
flask, 2 equivalents of N-bromosuccinimide (0.608 g, 3.42 
mmol) were added. After sonication for 30 minutes, the 
reaction mixture was washed with water (2 times), 1 M NaOH and water successively, dried with 
anhydrous magnesium sulphate and filtered. After concentration, the crude product was purified by 
column chromatography on silica gel with ethyl acetate as an eluent. The desired product (0.520 g, 68 
%) was obtained as yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 6.81 (s, 1H, 2), 4.16 (t, J= 4.9 Hz, 2H, 5), 3.79 (t, J= 4.9 Hz, 2H, 
6), 3.66 (m, 10H, 6-11), 3.55 (m, 2H, 12), 3.37 (s, 3H, 13). 
13
C NMR (400 MHz, CDCl3, ppm): δ 155.3 (3), 123.1 (1), 121.7 (2), 98.1 (4), 70.9, 69.9, 69.7, 69.5, 
69.4, 68.5, 58.0 (5-13). 
MALDI TOF:  
M
+
(obs): 467.59, 469.61, 471.61 (M
+
Na); 483.50, 485.52, 487.52 (M
+
K) g mol
-1
. 
M
+
(calc): 445.94, 447.94, 449.94 g mol
-1
. 
13-(2,5-Dibromothiophen-3-yloxy)-2,5,8,11-tetraoxatridecane (3). NBS-acetic acid method.
31
 
Compound 2 (1.2539 g, 0.43 mmol) was dissolved in a mixture of dry tetrahydrofuran (20 mL) and 
acetic acid (10 mL) under an argon atmosphere. To this mixture, a freshly recrystallized N-
bromosuccinimide (1.6139 g, 0.91 mmol) was added. The mixture was stirred at room temperature 
overnight, then poured into water and extracted with ethyl acetate (three times). The combined organic 
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layer were washed with water several times and dried over anhydrous magnesium sulphate; filtered. 
The crude product was purified by flash column chromatography on silica gel with ethyl 
acetate:pentane as an eluent (1:1 → 2:1 → pure EtOAc). The desired product (1.0021 g, 52 %) was 
obtained as slightly yellow oil. 
P1. Compound 3 (1.0043 g, 0.2241 mmol) was added to a dry Schlenk flask under argon atmosphere, 
after which dry tetrahydrofuran and tert-butyl magnesium chloride (1.08 mL of 2M solution in 
tetrahydrofuran, 0.2152 mmol) were added. The mixture was heated at 60 °C for 3 hours, after which 
[1,3-Bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2) (0.0121 g, 2.23x10
-3
 mmol) was 
added. Afterwards the mixture was stirred further at 60 
0
C overnight. After cooling, the reaction was 
quenched with 5 M HCl and stirred for additional 15 min. After precipitation in pentane, the product 
was Soxhlet extracted with pentane, heptane, methanol and chloroform. 0.0264g (3 %) yield of 
chloroform fraction was collected. 
1
H NMR (400 MHz, CDCl3, ppm): δ 6.86 (1H), 4.35 (2H), 3.94 (2H), 3.64 (12H), 3.35 (3H). 
13
C NMR (300 MHz, CDCl3, ppm): δ 155.3, 123.1, 121.7, 98.1, 71.4, 70.0, 69.7, 69.5, 69.4, 68.5, 
58.5. 
UV-Vis: λmax= 586 nm. 
Following the formation of the thiophene-Grignard species. Following the reaction of the initiation 
of the polymerization by the Grignard reagent was done according to a procedure from Lohwasser and 
Thelakkat.
36
 Compound 3 was added to a dry Schlenk flask under an inert atmosphere. 
Tetrahydrofuran and ethyl magnesium bromide were added via syringe and stirred at ambient 
temperature. Next, at regular time intervals, an aliquot of 1 mL was taken out and quenched with 2 ml 
of water. The same procedure was done with tert-butyl magnesium chloride. 
1
H-NMR was recorded 
after drying the material and dissolving it in deuterated chloroform. 
1
H NMR (400 MHz, CDCl3, ppm): δ 7.17 (d, J = 5.97 Hz, 0.3H), 6.76 (m, 1H), 6.14 (d, J = 1.94 Hz, 
0.7H), 4.19, 4.06, 3.81, 3.66, 3.54, 3.37. 
3-(2-(2-(2-Methoxyethoxy)ethoxy)ethoxy)thiophene) (4).
26
 Sodium 
hydride (0.736 g (60 % solution in a mineral oil), 18.4 mmol) was 
dissolved in dimethyl formamide (50 mL) under inert atmosphere in a 
three-neck round bottom flask, equipped with a condenser and an 
addition funnel. After the mixture was cooled to 0 °C, triethylene glycol monomethyl ether (9.668 g, 
58.9 mmol) was added dropwise over 30 minutes. The mixture was stirred for 1 hour, to assure 
complete consumption of the sodium hydride. Next, 3-bromothiophene (2.00 g, 12.3 mmol) and 
copper bromide (1.746 g, 12.3 mmol) were added, and the mixture was heated to 110 °C. After 30 
minutes, the mixture was cooled down and poured into 1 M ammonium chloride and stirred for 10 
minutes. The mixture was extracted with pentane and dried over magnesium sulphate. After filtration, 
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the filtrate was purified by column chromatography on silica gel with ethyl acetate as an eluent. The 
desired product (58 %) was obtained as slightly yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.16 (dd, J= 5.2, 3.1 Hz, 1H, 1), 6.77 (dd, J= 5.1, 1.5 Hz, 1H, 2), 
6.25 (dd, J= 3.1, 1.5 Hz, 1H, 4), 4.12 (t, J= 4.9 Hz, 2H, 5), 3.84 (t, J= 4.9 Hz, 2H, 6), 3.69 (m, 6H, 7-9) 
3.54 (m, 2H, 10), 3.38 (s, 3H, 11). 
2,5-Dibromo-3-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)thiophene) (5).
26
 Compound 7 (0.517 g, 
2.10 mmol) was dissolved into a mixture of acetic acid and 
chloroform (1:1). After the mixture was cooled down to -78 °C, N-
bromosuccinimide (0.825 g, 4.62 mmol) was added, and the 
mixture was stirred overnight. Next, the mixture was poured into 
water. After stirring the mixture for 30 minutes, it was extracted 
with chloroform and washed with water. After drying over magnesium sulphate and concentrating, the 
product was purified by column chromatography on a silica gel with pentane and ethyl acetate (1:4) as 
an eluent. The desired product (72 %) was obtained as slightly yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 6.81 (s, 1H, 2), 4.15 (t, J= 4.9 Hz, 2H, 5), 3.79 (t, J= 4.9 Hz, 2H, 
6), 3.71 (m, 2H, 7), 3.66 (m, 4H, 8-9), 3.56 (m, 2H, 10), 3.38 (s, 3H, 11). 
MALDI TOF:  
M
+
(obs) : 424.06 , 426.06 , 428.09 (M
+
Na); 440.04 ,442.05 , 444.20 (M
+
K) g mol
-1
. 
M
+
(calc) : 401.91 , 403.91 , 405.91 g mol
-1
. 
P2.
26
 Compound 5 (1.20 g, 2.97 mmol) was dissolved in anhydrous tetrahydrofuran under inert 
atmosphere in a three-neck flask. To this solution, iso-propyl magnesium chloride (1.48 mL of 2 M 
solution in tetrahydrofuran, 2.97 mmol) was added. After stirring the mixture for 4 hours, Ni(dppp)Cl2 
(16,1 mg, 29,7 μmol) was added. The mixture was polymerized overnight under reflux. After cooling 
the reaction, it was quenched with 1 M aqueous hydrochloric acid and precipitated in pentane. The 
polymers were filtered and purified by Soxhlet extraction in sequence with pentane, methanol and 
chloroform. In the chloroform fraction the desired product (69.7 mg) was obtained.  
1
H NMR (500 MHz, CDCl3, ppm): δ 6.98 (1H), 4.35(2H), 3.94 (2H), 3.64 (8H), 3.35 (3H). 
13
C NMR (500 MHz, CDCl3, ppm): δ 150.1, 129.7, 124.8, 94.6, 71.9, 71.0, 70.7, 70.6, 70.0, 59.0. 
MALDI TOF: 
M
+
 (obs) : 2442.2, 2684.5, 2932.7, 3176.3, 3420.2, 3665.4, 3910.6, 4154.6, 4399.5, 4649.4, 4898.0, 
5135.5, 5378.9, 5625.0, 5869.7 (10 * M – 24 * M) g mol-1. 
2768.0, 3011.4, 3255.5, 3418.3, 3745.0, 3988.7, 4235.8, 4497.2, 4722.6, 4967.5, 5213.2, 5462.3 (11 * 
M + Br – 22 * M + Br) g mol-1. 
M
+
 (calc) : 244.32 g mol
-1
 (M = monomer unit) 
3-Bromomethylthiophene (6).
32
 N-bromosuccinimide (7.36 g, 41.35 mmol) and benzoyl 
peroxide (0.081 g, 0.334 mmol) were dissolved in benzene (60 mL). This was slowly 
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added to a stirred solution of 3-methylthiophene (4.033 g, 41.08 mmol) and benzoyl peroxide (0.081 
g, 0.0334 mmol) in benzene (100 mL). The solution was refluxed for 1 hour, after which the solvent 
was evaporated and pentane was added. After stirring the solution for 30 minutes, the succinimide was 
filtered off and the solvent evaporated. Due to instability of the compound, the product was not 
purified, but used in crude form for the next reaction. 
1-(Thiophen-3-yl)-2,5,8,11-tetraoxadodecane (7).
32
 The triethylene glycol monomethyl ether (4.041 
g, 24.61 mmol) was drop wise added to a solution of sodium 
hydride (1.972 g (60 % solution in mineral oil), 49.30 mmol) in 
tetrahydrofuran (100 mL) at room temperature under an inert 
atmosphere. After stirring for 1 hour, the product of the previous 
reaction (compound 6) was added, and the reaction was continued 
for 12 hours. The reaction was quenched with water and the reactant was extracted with ethyl acetate. 
The organic layer was washed with brine and dried over anhydrous magnesium sulphate. After 
filtration, the solvent was evaporated, and the residue was purified by column chromatography on 
silica gel with pentane and ethyl acetate (20:1) as an eluent. The desired product (77 %) was obtained 
as yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.28 (dd, J= 5.0, 1.3 Hz, 1H, 1), 7.21 (m, 1H, 2), 7.07 (dd, J= 4.9, 
3.0 Hz, 1H, 4), 4.57 (s, 2H, 5), 3.66 (m, 10H, 6-10), 3.54 (m, 2H, 11), 3.37 (s, 3H, 12). 
13
C NMR (500 MHz, CDCl3, ppm): δ 139.5 (3), 127.4 (2), 125.9 (1), 122.8 (4), 72.0, 70.6, 70.5, 69.3, 
68.5, 59.0 (5-12). 
LC/MS: M
+
 : 260.09 g mol
-1
; M
+
 (calc) : 260.11 g mol
-1
. 
1-(2-Bromothiophen-3-yl)-2,5,8,11-tetraoxadodecane (8).
32
 N-bromosuccinimide (1.834 g, 10.3 
mmol) was added to a stirred solution of compound 7 (2.680 g, 
10.3 mmol) in tetrahydrofuran under an inert atmosphere at 0 °C. 
After stirring the solution at room temperature overnight, the 
solvent was evaporated and pentane was added. After stirring for 
1 hour, the succinimide was filtered off and the mixture was 
concentrated. The residue was purified by column chromatography on silica gel with pentane and 
ethyl acetate (10:1) as an eluent. The desired product (95 %) was obtained as slightly yellow oil. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.24 (d, J= 5.5 Hz, 1H, 1), 7.00 (d, J= 5.7 Hz, 1H, 2), 4.51 (s, 2H, 
5), 3.66 (m, 10H, 6-10), 3.54 (m, 2H, 11), 3.37 (s, 3H, 12). 
1-(2-bromo-5-iodothiophen-3-yl)-2,5,8,11-tetraoxadodecane 
(9).
32
 Iodine (1.781 g, 7.02 mmol) and iodobenzene diacetate 
(2.240 g, 6.95 mmol) were successively added to a stirred 
solution of compound 8 (3.391 g, 10.00 mmol) in 
dichloromethane. After stirring the mixture for 12 hours, 10 % 
aqueous sodium thiosulphate was added and extracted with chloroform. After the organic layer was 
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washed with brine and water, it was dried with magnesium sulphate and concentrated by rotary 
evaporation. The residue was purified by distillation under reduced pressure. The product was 
obtained as pale yellow oil (25 %) at a pressure 8.2 x 10
-2
 mbar and a temperature between 101 – 105 
°C. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.18 (s, 1H, 2), 4.45 (s, 2H, 5), 3.67 (m, 10H, 6-10) 3.56 (m, 2H, 
11), 3.38 (s, 3H, 12). 
13
C NMR (400MHz, CDCl3, ppm): δ 140.4, 137.8, 71.9, 70.6, 70.6, 70.5, 70.5, 69.6, 66.6, 59.0. 
Maldi TOF 
M
+
 (obs) : 485.95, 487.96 (M+Na-H), 501.83, 503.81 (M+K-H) g mol
-1
. 
M
+
 (calc) : 463.92, 465.91 g mol
-1
. 
LCQ. M
+
: 464.7, 466.7 (M+H), 481.7, 483.8 (M+H2O), 486.9, 488.9 (M+Na) g mol
-1
. 
P3.
32
 Lithium chloride (448 mg, 10.6 mmol) was dried in a flask under reduced pressure while heating 
with a heat gun. After cooling it down to room temperature, under an argon atmosphere compound 9 
(811 mg, 1.74 mmol) and anhydrous tetrahydrofuran were added. After stirring this mixture for 30 
min at 0 °C, iso-propyl magnesium chloride (0.872 mL of 2 M solution in tetrahydrofuran, 1.74 mmol) 
was added. This mixture was then stirred for 4 hours. Ni(dppp)Cl2 (1.26 mg, 2.32 μmol) was added 
and the mixture was stirred at 40 °C for 12 hours. After quenching the reaction with 5 M hydrochloric 
acid, the mixture was precipitated in pentane. The precipitate was then filtered and extracted by 
Soxhlet extraction with methanol, pentane and chloroform successively. In the chloroform fraction the 
desired product (40 mg) was obtained. 
1
H NMR (500 MHz, CDCl3, ppm): δ 7.25 (s, 1H), 4.66 (s, 2H), 3.68 (m, 10H), 3.52 (m, 2H), 3.35 (s, 
3H). 
13
C NMR (500 MHz, CDCl3, ppm): δ 150.09, 129.74, 124.80, 94.60, 71.93, 70.66, 70.64, 70.49, 
69.70, 66.95, 58.91. 
MALDI TOF: 
M
+
 (obs) : 3383.1, 3640.5, 3899.6, 4159.6, 4416.8, 4677.1, 4934.6, 5193.5, 5450.4, 5710.9, 5968.1, 
6227.5, 6484.7, 6742.7, 7002.5, 7272.8, 7515.7, 7775.0, 8051.4, 8308.3, 8557.1, 8808.4 (13 * 
M+17.74 – 34 * M+17.74) g mol-1. 
M
+
 (calc): 258.35 g mol
-1
 (M= monomer-unit). 
3. Molecular modelling 
Theoretical modelling was done using Spartan‘10 Software. Geometry optimization of the molecular 
structures was done using the RB3LYP method with a LACVP basis set. A gradient of 0.0002 was 
used for the successful completion of the optimization. The energies of the structures were calculated 
using HF-DFT SCF calculations with the Pulay DIIS model. The energies, displayed in hartrees, were 
recalculated into kcal mol
-1
 with the usual converting factor (1 hartree = 627.509 kcal mol
-1
). 
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Novel fullerene structures, hierarchically 
organized using polyisocyanopeptide 
scaffold 
 
 
 
 
 
 
 
 
 
I have not failed. I`ve just found 10.000 ways that won`t work. 
Thomas A. Edison 
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5 Novel fullerene structures, hierarchically organized using 
polyisocyanopeptide scaffold 
ABSTRACT: Fullerene containing polymers are a very active field that may offer well-defined C60 structures 
with long-range order. In this study we investigated helical polyisocyanopeptide (PIC) as a scaffold to arrange 
fullerene molecules. We designed novel highly soluble fullerene monomers with long oxyalkyl chains and 
acetylene group incorporated that is required for “click” reactions. High solubility of fullerene derivatives 
allowed a detail cyclic voltammetry (CV) study, revealing a fully reversible three electron oxidation-reduction 
processes. Thorough study of “click” reactions proved the usage of TBTA and TTTA as copper stabilizing 
ligands to surpass PMDETA. The success of “click” reactions was proved by AFM, where for the first time 
helical fullerene containing polymers were visualized. CV studies of the polymers, as well as the incorporation 
of those polymers as compatibilizers in organic photovoltaic blends were troublesome, mainly due to low 
solubility of polymers. 
5.1 Introduction 
Fullerenes continue to be an exciting research topic because of the combination of their unique 
geometrical and physicochemical properties, which are utilized in materials science and electronic 
devices.
1–4
 Nowadays fullerene derivatives are benchmark n-type materials in the organic photovoltaic 
cells (OPVs).
5–8
 The construction of well-ordered structures where C60 moieties have long-range order 
is considered to be crucial to reach high carrier mobilities in OPVs.
9
 This order of fullerenes can be 
fulfilled by self-assembly of chemically modified fullerenes induced by intermolecular 
interactions,
10,11,8,12–15
 or by building well-defined polymers with fullerene structures attached.
16–23
 The 
self-assembly approach suffers from difficulties to obtain nano- and microstructures with 
predetermined morphologies. The second approach, using templating polymer to organize fullerenes, 
looks more promising. In this approach the most widely studied are donor - acceptor (D - A) double-
cable polymers, comprising both conjugated polymers as electron donors and fullerenes as acceptors, 
which leads to the simultaneous control of the electronic properties and a degree of D-A phase 
separation within the photoactive layer.
19,22,23,21,24
 In D-A double-cable systems, however, the 
morphological control of the fullerene aggregates is limited by the flexibility of the main chain of the 
conjugated polymers. On the other hand, non-conjugated, but rigid polymers offer more possibilities 
to build well-defined fullerene-bearing structures. Even so, only two polymer – fullerene systems have 
been studied in detail: polymer systems based on poly(methylmethacrylates) (PMMA)
25,26
 or 
poly(phenylacetylenes) (PPA).
27–29
 In the former system, only encapsulation of C60 was used, by 
simply dispersing both PMMA and fullerene in hot solvent. Immediately after cooling down to room 
temperature, a gel was formed, consisting of a peapod-like crystalline complex of C60 particles, 
incorporated into PMMA helix. In the case of PPA, fullerenes were covalently attached to the main 
polymer chain. Homopolymers of PPA-C60 cannot be synthesized as too high density of large C60 
cages hinders the polymerization. As a result random copolymers were synthesized, which showed 
helical structure, when only 10 % of PPA with C60 units were incorporated in a copolymer. The 
integration of the higher percentages of PPA-C60 monomers, however, led to chiral structures 
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according to circular dichroism (CD) spectroscopy, but those chiral structures could not be visualized 
by atomic force microscopy (AFM) or other microscopic techniques. Yet, both systems (PMMA - C60 
and PPA - C60) were not used in OPVs and none of them were fully C60 decorated. 
   In this work we used rigid helical polymer – polyisocyanopeptide (PIC) – as a scaffold to arrange 
fullerene groups. PICs, synthesized using Ni catalyst,
30,31
 exhibit a rigid helical structure which is 
stabilized by a well-defined hydrogen bonding network between the peptide side chains at positions n 
and n+4, with a distance of approximately 4.6 Å between peptidic pendants.
32,33
 Such a high order is 
reflected in a high stiffness (persistence length of ~76 nm) observed by AFM measurements.
34,35
 An 
additional benefit of these rigid polymers is that they can be synthesized with lengths ranging from 
hundreds of nanometers to several micrometers.
34
 This high stability of the helical polymer core gives 
possibilities to arrange functional chromophores into well-defined arrays, as was reported earlier by 
our group.
36–39
 Although the versatility of direct polymerization of functionalized PICs has been 
demonstrated before, a more modular approach, which involves post-modification of the PIC scaffold, 
is synthetically more accessible, especially with challenging fullerene chemistry. Our approach relies 
on the use of the copper-catalyzed azide-alkyne cycloaddition reaction (CuAAC).
40,41
 The 
polymerization of both acetylenic dipeptido-isocyanides
42,43
 and azido dipeptide-isocyanides
44
 was 
earlier demonstrated by our group, and perylene,
43
 ethylene glycol,
43
 coumarine and rhodium 
acetylene chromophores
44
 were successfully attached by CuAAC reaction. Following the work of 
Schwartz,
44
 a novel clickable azido dipeptide-isocyanide, bearing a long C11 chain that enhances the 
flexibility of polymer chain and increases the possibility to obtain a higher degree of substitution by 
large fullerene molecules was synthesized. Also a novel clickable fullerene derivative which is highly 
soluble in common organic solvents and shows similar electrical properties as commonly in OPVs 
used acceptor phenyl C61-butyric acid methyl ester (PCBM), as proved by cyclic voltammetry (CV) 
results, was synthesized. In this chapter our approaches to click-reactions with high conversions (> 95 
%) of functionalization of polymers with fullerene structures is presented. The main polymer structure 
is shown in Figure 1 and the design of this C60-polymer is explained in the next paragraph. The 
Figure 1. Molecular structure of synthesized PICs with attached fulleropyrolidines. 
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processability and rigidity of those polymers, as confirmed by AFM results and attempts to introduce 
those polymers into OPV devices as full electron acceptor layer and as a compatibilizer in a classical 
P3HT / PCBM device is presented.  
5.2 Synthesis of Azide-functionalized Polyisocyanopeptides 
In our research a class of rigid helical polymers - polyisocyanopeptides - was used as scaffold to 
arrange conductive fullerenes. The main structure of the polymers (Figure 1) features two L-alanine 
groups (to enhance the rigidity of the helical structure), a shorter (propylene) or longer (C11) alkyl 
spacer (to enhance the solubility and flexibility of the polymer side chains), a benzene ring, holding 
long oxyalkyl chains in different positions of the aromatic ring (also enhancing the solubility of the 
fullerene polymer in common organic solvents) and fulleropyrolidine, that binds the fullerene to the 
polymer. To test which parameters provide the sufficient solubility of the fullerene containing 
polymer, we used two different PICs which structures are shown in Scheme 1 (P1, P2). Polymer P1 
has a propyl linker, which creates a tighter fit for the side groups. It was expected that this may lead to 
better inter-fullerene orbital overlap and thus better conductivity properties. On the other hand, the 
longer linker in P2 (C11H22) may lead to a better solubility and can additionally maximize the 
incorporation of large fullerene molecules in the rigid helical polymer.  
Scheme 1. General synthesis of polyisocynopeptides. Conditions: i) Boc-L-Ala-OH, DCC, DMAP, DIPEA, DCM, r.t., 
y.82%; ii) HCl-saturated EtOAc, r.t.; iii) Boc-L-Ala-OH, HOBt, DIPEA, DCM, r.t., y.70%; iv) HCl-saturated EtOAc, r.t.; 
v) HCOONa, HCOOEt, reflux, y.56%; vi) NMM, diphosgene, DCM, -300C, y.54%. 
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    The synthetic route of the polymers started from the azide-functionalized linker molecules (Scheme 
1). In the first reaction the hydroxyl group was coupled to Boc-protected L-alanine using a standard 
DCC ester-synthesis protocol.
45
 After deprotection, the resulting Ala-Linker-N3 (1a, b) was coupled to 
another L-alanine molecule, this time using EDC / HOBt, necessary for an amide bond formation. 
Both L-alanines were chosen instead of L,D-alanines, as we prefered more flexible main chain 
structure
46
 in order to get higher degree of “click” reaction and to enhance the solubility of the 
polymer. After the second deprotection reaction, the product (4a, b) was formylated using sodium 
formate / ethyl formate. In the final step, (5a, b) was dehydrated to yield the corresponding isocyanide 
(6a, b). Since the monomer is relatively unstable (contaminations arise within a few hours), the 
polymerization
1
 was initiated directly after purification, saving a small amount of monomer for 
characterisation. Quite short polymer P1 (using a catalyst-to-monomer ratio 1:100) was synthesized in 
order to prove the fullerene addition to the PIC concept and to ensure higher solubility properties. In 
the case of polymer P2 we synthesized several batches of polymers by varying catalyst-to-monomer 
ratios from 1:500 to 1:50000. After purification, all the polymers were analysed by AFM.  
   Polymer P1 was relatively short, therefore no rigid rod structures were observed. Highly 
polydisperse polymers were observed in the case of polymer P2. Variation of the amount of catalyst 
did not significantly affect the polydispersity or the length of the polymers as it was determined by 
AFM. An AFM image of one of the polymers P2b, synthesized using catalyst-to-monomer ratio of 
1:5000 is shown in Figure 2 (other AFM pictures are depicted in Experimental part). This polymer 
batch was mainly used in the “click” reactions. The average height of the single polymers is 1.4 nm, 
with a root-mean-square (RMS) roughness of 0.33 nm. Both polymers (P1 and P2) showed a negative 
Cotton effect with a maximum at 290 nm in CD spectroscopy (Figure 3). This maximum is attributed 
                                                        
1 Polymer length in this system is mostly determined by catalyst-to-monomer ratio, since both polymerization rate and ligand 
exchange rate on the Ni-centre are very fast. 
 
Figure 3. CD signal of P2 
Figure 2. AFM image of P2 polymerised 
using catalyst-to-monomer ratio of 
1:5000. 
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to the characteristic n-π* transition of the backbone imine bonds in L,L-polyisocyanopeptides, 
indicating a highly ordered helical conformation.
47
 The strong Cotton effect in the case of polymer P2 
shows a well-defined hydrogen bonding network, as opposed to the polymer P1.
44 
5.3 Synthesis and Characterization of Highly Soluble Fullerene Derivatives 
C60 is a convenient molecule among the fullerenes, not only because of its high availability, but also 
because of its high degree of symmetry. The strong tendency of C60 towards tight aggregation is a 
double-edged sword: it does not only give the advantages - conductivity and well-defined phase 
separation - but it also severely hampers solubility and thus processability. The first commercialized 
and still most widely used is the C60-derivative PCBM,
15
 which is more processable than pristine C60. 
Nevertheless, this fullerene derivative lacks the attachment handles and the stacking-disturbing 
domains required for full functionalization of a polyisocyanopeptide polymer with fullerene moieties. 
Therefore, a new class of materials was designed (Scheme 2, 9a-d), based on a compound, 
synthesized earlier by Nakanishi et al.
48–50
 These new molecules are designed to allow full 
functionalization of a polymer with the acceptor moieties. The general synthetic scheme is shown in 
Scheme 2. As a first step towards processable C60 acceptor molecules, mono-alkylfulleropyrrolidine 
(AFP), compound (9a), was synthesized, followed by more densely alkylated compounds (9b-d). 
Initially, appropriately functionalized aldehydes were synthesized. Starting from the benzaldehydes, 
alkylation was performed using a slight excess of 1-bromododecane (with respect to hydroxyl-groups), 
a 5-fold excess of K2CO3 and a catalytic amount of KI. Compounds 8c-d could not be synthesized 
following the same procedure due to high steric hindrance. Only mono- and di-alkylated compounds 
were observed even at higher temperature. Instead, 8c was synthesized from methyl-3,4,5-trihydroxy 
benzoate, which was first alkylated; the acetate group was than reduced to alcohol and subsequently 
oxidized to the aldehyde. From the three reactions, an overall yield of 27 % was observed. Compound 
8d was synthesized following the procedure of Parrish
51
 (at room temperature), using 2.5 eq. of 
Scheme 2. Basic synthesis scheme of fullerene derivatives, used in “click” reactions. 
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Cs2CO3 as a base. This base is much more powerful than analogous lower MW alkali metal salts due 
to higher radius of cesium ion, leading to a lower degree of solvation and ion-paring.
52,53
 The synthesis 
was successful and the product was obtained in 29 % yield. The different alkylated benzaldehydes 
(8a-d) were reacted with propargylglycine in toluene at elevated temperature, yielding a 1,3-dipolar 
intermediate which participated in a [3+2]-cyclo-addition
54,55
 with the (6,6)-double bonds of C60. As 
was expected, compounds with no or minor addition of oxyalkyl chains (9a-b) yielded only a slightly 
increased solubility compared to pristine C60, but compound 9c had a much higher solubility in 
common chlorinated solvents. Furthermore, compound 9d was a very viscous liquid at room 
temperature due to high steric hindrance of the alkyl chains, analogous to the findings of Nakanishi.
50
 
According to his work, the alkyl chains in such compound spread independently, and cohesion of the 
fullerene moiety is suppressed. The studies of the rheological behaviour, performed by the group of 
Nakanishi, confirmed the liquid-like behaviour of their compound. Synthesized compound 9d differs 
from the compound of Nakanishi group by the additional acetylene group. A slightly longer linker 
between acetylene group and fulleropyrolidine in the case of compound 9d was chosen in order to 
enhance the flexibility of more sterically hindered 2,4,6-alkylated fullerene derivative. 
   The electronic properties of synthesized fullerene derivatives were characterized by UV-Vis 
absorption spectroscopy and cyclic voltammetry. The measurements were performed in a dilute 
heptane solution (10
-7 
M). A UV-Vis spectrum of compound 9d is shown in Figure 4. This spectrum 
is similar to the one of pristine C60. The electronic absorption spectrum of C60 is characterized by 
several stronger absorptions between 190 and 410 nm.
56
 Those absorptions are due to allowed 
1
T1u-
1
Ag-transitions. Our compound 9d also showed four allowed absorptions with the peak maximums at 
Figure 4. Absorption spectra of the diluted (10-7M) heptane solution of fullerene derivative 9d. 
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213, 256, 312 and 427 nm. After concentrating the sample four times, orbital forbidden singlet-singlet 
transitions can be found with six peaks between 639 and 708 nm. These absorptions in the visible 
range are responsible for the colour of the fullerenes (purple for pristine C60). Compounds 9c and 9d 
were both a dark red-brown colour, which would correspond to the absorption maximum at about 400 
nm, in line with the absorption spectra.  
   The ability of fullerene derivatives to accept electrons was measured by cyclic voltammetry (CV). 
This tool yields qualitative information about the electrochemical properties of electro-active species 
and their reactions. It offers a rapid location of redox potentials of stable species.
57
 The technique is 
used to determine the HOMO-LUMO levels of the fullerene derivatives and the stability of those 
species. Typically, fullerene C60 is reduced to C60
-
, C60
2-
 and C60
3-
.
58
 Those electrochemical processes 
can be simply written as equations (1), (2), and (3).  
   Moreover, oxidation states of 4-, 5- and 6- can be observed, but only in less convenient solvents, 
under high vacuum or at low temperatures.
59–61 
The voltammograms of compounds 9c and 9d are 
shown in Graph 1. Three fully reversible peaks were observed in the case of derivative 9c, showing 
the formation of monoanion, dianion and trianion
62,58
 at the potentials of Ered, 1 = -1.1, Ered, 2 = -1.53 and 
Ered, 3 = -2.10 eV. The peaks of the compound 9d are at the potentials Ered, 1 = -1.18, Ered, 2 = -1.58 and 
Ered, 3 = -1.65 eV. The second reduction peak was not very clearly distinguished in the case of the 
broad scan of 9d. During the narrow scan (-2.0 - -0.2 eV), however, this peak showed up very clearly. 
The current of the compounds 9c and 9d did not decrease while measuring multiple cycles, which 
confirms the electrochemical stability of compounds 9c and 9d. Furthermore, full reversibility of the 
redox processes confirms fast oxidation-reduction rates between the structures. From the 
(1) 
(2) 
(3) 
Graph 1. Voltammogram of 3,4,5- and 2,4,6-alkylated fullerene derivatives 9c (left) and 9d (right). 
I 
(A
) 
I 
(A
) 
V (V) vs. Fc/Fc+ V (V) vs. Fc/Fc
+ 
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corresponding onset values, LUMO levels were calculated; they are -3.75 eV and -3.71 eV for 9c and 
9d respectively (for calculations and formulas used, see the Experimental part). The LUMO levels are 
of the same order as those of PCBM;
63,64
 which suggests that the functionalized compounds should be 
applicable in OPVs. Unfortunately, the HOMO levels of 9c and 9d cannot be calculated from the 
measured voltammograms, which show a non-reversible peak in the oxidative region. The onset of 
these oxidative peaks was considerably lower than the reported values of PCBM. In addition, the 
HOMOs, calculated from this onset, differ by more than 0.5 eV from the average HOMO values 
reported in the literature.
5
 Since this is a relatively large difference, it is plausible that the peaks in the 
oxidative region may have arisen from another process. Fortunately, as the fullerene derivatives are 
applied as acceptor, the HOMO level is a less critical value than the LUMO. The excited electron will 
only pass the HOMO and LUMO of the donor and the LUMO of the acceptor. Especially the position 
of the donor HOMO and the LUMO of the acceptor have implications on the open-circuit voltage of 
an OPV. 
5.4 Formation of Rod-like Structures of Fullerenes by using a Polyisocyanopeptide Scaffold 
The fullerene and PIC coupling reaction uses the well-established conventional Copper(I) -catalysed 
Azide-Alkyne Cycloaddition (CuAAC) reaction which were introduced into organic synthesis by the 
groups of Sharpless
40
 and Meldal
41
 separately in 2002. As Cu(I) ions are unstable, anaerobic and dry 
solutions were used, as well copper(I) stabilising ligands. Fullerene derivatives (9a-d) and PICs (P1, 
P2) are soluble only in apolar organic solvents, the CuAAC reaction required a suitable copper(I) 
stabilising ligand, which would solubilize Cu(I) salt in such solvent.  
   Considering the synthetic effort involved in making both the fullerene-derivatives and the 
polyisocyanopeptides, the CuAAC reactions were first tested on slightly less challenging molecules. 
The first test reaction of the fullerenes was with dodecyl azide (Scheme 3). In this case steric 
constraints do not play a significant role and the product is soluble in organic solvents and thus is easy 
characterized. The reaction was performed in degassed, dry toluene under argon atmosphere, using 
0.5eq. of Cu(I) and N,N,N’,N’’,N’’-Pentamethyldiethylenetriamine (PMDETA) as a ligand that has 
Scheme 3. Trial “click” reactions. Conditions: i) C12H25N3, CuBr, PMDETA, toluene, r.t., 24h, y.81-87%. 
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proven to solubilise copper ions in apolar organic solvents and is predominant in polymer 
chemistry.
65,66
 The characteristic alkyne peaks in NMR- and IR-spectroscopy indicated ~80% 
conversion. Recrystallization yielded the pure clicked products 10a and 10b for further analysis. Using 
the same conditions as for the “click” reaction with dodecyl azide, the “click” reaction was performed 
with fullerene derivative 9c and polymer P1. Only 35% of azides in polymer P1 were consumed. The 
reaction conversion was determined using the change in intensity of the N=N=N stretch azide-peak 
(2095 cm
-1
) referenced against three backbone peaks in the IR spectra. The reference backbone peaks 
were the ester C=O stretch, the amide I C=O stretch and the amide II C=O stretch, at 1740, 1640 and 
1530 cm
-1
 respectively. The usage of chlorinated solvents for the “click” reaction, which are more 
compatible with fullerene derivative 9c, gave a lower 25% conversion. 
    The disappointing preliminary results prompted us to closer investigate the role of the copper(I) 
stabilising ligands. PMDETA is a frequently used in polymer chemistry, but for straightforward 
reactions, in which only a limited number of azide groups are present on the long polymer chain. In 
our case, the “click” reaction is more challenging, because of the large bulkiness of the 
polyisocyanopeptide and large amount of also bulky fullerenes. Therefore, more powerful Cu(I)  
stabilizing ligands were investigated. We performed a series of test “click” reactions of phenyl 
acetylene on polymer P1, using three different ligands – PMDETA, tris[(1-benzyl-1H-1,2,3-triazol-4-
yl)methyl]amine (TBTA) and tris[tert-
butyltriazolylmethyl]amine (TTTA). Their structures are shown 
in Figure 5 and the results of the test “click” reactions are shown 
in Table 1. As can be seen from the results obtained, the 
TBTA and TTTA ligands outperform PMDETA.  
   The lower conversions at higher ligand concentration can be 
Ligand (eq. with 
respect to CuI 
being 1 eq.) 
Conversion
, % 
Control (no 
ligand.) 
0 
PMDETA (2 eq.) 0 
PMDETA (4 eq.) 0 
PMDETA (6 eq.) 9 
TBTA (2 eq.) 98 
TBTA (4 eq.) 48 
TBTA (6 eq.) 25 
TTTA (2 eq.) 95 
TTTA (4 eq.) 28 
TTTA (6 eq.) 10 
Figure 5. Structures of copper (I) stabilising ligands used in our 
research. 
 
Table 1. Conversions of the “click” 
reactions, using different amounts of the 
copper (I) stabilising ligand. 
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explained by the suppression of the catalytic effect. This is in line with the observation of the group of 
Finn,
67
 who found the optimum amounts of copper salt and its ligand to be 1:2. They explain their 
results as the ability of one metal centre to bind two ligands, whereas the excess of the ligands inhibit 
the “click” reaction. In contrast, only the high excess of PMDETA gives some conversion of “click” 
reaction. This study reinforces our hypothesis that PMDETA is too weak ligand for our bulky 
reactions and copper(I) is oxidised to copper(II) very quickly. 
    The results of the optimization of the PIC / phenylacetylene “click” reaction were employed to click 
the fullerenes to the PIC backbone. First reactions were performed with P1. The generic CuAAC 
reaction scheme for fullerene “click” on polyisocyanopeptides is shown in Scheme 4. All “click” 
reactions were performed in dichloromethane, the best common solvent for both polyisocyanopeptides 
and fullerene derivatives. All CuAAC reactions were performed for 48 h, using 2 eq. of TBTA or 
TTTA ligand with respect to the copper catalyst. Overall CuI - ligand solution was 0.1 eq. with respect 
to the amount of reagents (polyisocyanopeptide and fullerene derivative). The amount of fullerene 
derivatives used was in the ratio of 1:1 with respect to concentration of isocyanides, incorporated into 
polymer chain. In the case of P1-9a-c, the polymer precipitated out of the solution already after one 
day and was insoluble in common organic solvents. This suggests that the propylene linker does not 
Scheme 4. Generic CuAAC reaction of PICs with fullerene derivatives. Conditions: i) 9c or 9d, CuI, TBTA or TTTA, 
DCM, r.t., 48h. All the reactions were performed twice. 
 
Figure 6. AFM images of C60-PICs. a) P2-9c, DCM solution + few drops of CS2; b) P2-9d, DCM solution; c) separated 
rod-like structures of P2-9d, DCM solution with few drops of CS2. 
 
c) a) b)a) 
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allow for sufficient solubilisation of the fullerenes. According to FT-IR results, the “click” 
conversions of 45 %, 40 % and 50 % were observed in the case of P1-9a, P1-9b and P1-9c 
respectively. The same CuAAC reactions were performed with the polymer P2. Polymers with 
fullerene derivatives 9a and 9b both precipitated out of the solution already after few hours. 
According to the FT-IR results, the conversions were 70% and 91% for P2-9a and P2-9b respectively. 
Polymer P2-9c precipitated out of the solution after approximately 0.5h, but could be partly 
redissolved in chloroform and toluene. Polymer P2-9d stayed in the solution for several months. The 
conversions of 95% and 90% were observed for both “click” reactions (P2-9c and P2-9d 
respectively). Polymers P2-9c and P2-9d were purified by size exclusion chromatography (SEC), 
using polystyrene beads and DCM/CS2 solution as eluent (10:1). Only the soluble fraction of P2-9c 
was purified. A small amount of unreacted fullerenes were separated in a SEC column, since the 
aggregation of fullerenes was dominant. The rod-like structure of P2-9d was confirmed using AFM 
(Figure 6). First of all, polymer showed aggregates as a result of the strong intermolecular interaction 
between fullerenes. A few drops of CS2, added to the diluted polymer solution in DCM, allowed the 
visualisation of single rigid rod-like polymers, fully decorated with fullerenes (Figure 6c). The 
average height of the single polymers was 3.5 nm, with a RMS roughness of 0.6 nm. The height 
difference of about 2 nm with respect to the pristine PIC (P2) is fully in line with a 1 nm thickness 
addition by one fullerene sphere (with fullerene diameter of 10.34 Å).
68
 For P2-9c we were not able to 
visualize single polymers and instead only aggregates were observed, even after CS2 addition (Figure 
6a).The aggregates have height of 20-30 nm and the width of few hundreds nanometers. This different 
behaviour of the polymer can be explained by the higher aggregation of less sterically hindered 
fullerene derivatives in this polymer. The higher MW fraction of the fullerene polymer P2-9c 
precipitated out of the chloroform solution after the purification. This fraction was filtered off and 
could not be re-dissolved even in chloronaphtalene, which is an excellent solvent for pristine C60.
69
 
Nor did the addition of a high percentage of CS2 or small amounts of trifluoroacetic acid (TFA) did 
not help to dissolve this polymer fraction. High amounts of TFA or sonication of the polymer resulted 
in decomposition. The lower MW fraction remained soluble in chloroform or dichloromethane even 
after drying this material completely. The soluble P2-9c fraction and P2-9d were used as electron 
acceptor and as a compatibilizer in OPV devices. The results of these studies are discussed in the 
section “Photovoltaic studies of Fullerene-polymers” later in this chapter.  
5.5 Exploring the electronic and morphological properties of the fullerene polymers 
The 2,4,6-functionalized polymer (P2-9d) remained in chloroform solution after purification. It was a 
proof that sterically hindered alkoxy chains at 2-, 4-, and 6-positions helped enhance the solubility of 
the compound. The compound, however, could be only partly redissolved after drying it completely; 
therefore after purification it was stored in the chloroform solution. The enhanced solubility issue did 
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allow us to measure the electronic properties of the polymers using CV. The experiments were 
performed in a CHCl3 solution, with a platinum (Pt) or glassy carbon electrode. The results are shown 
in Graph 2. The interpretation of the results, however, appeared to be troublesome. In contrast to the 
unclicked alkylfulleropyrrolidines (AFPs) and other known fullerene derivatives, the polymer did not 
show the three well-distinct reduction potentials. A potential sweep of the polymer solution showed 
two irreversible reduction processes around -1.74 V (Eonset, 1
 
= -1.19/-1.05 V) and -0.75 V (Eonset, 2 = -
0.6 V) while measuring with platinum electrode. The same measurement with carbon electrode did 
show more distinct peaks at -1.44 V (Eonset, 1 = -1.00/-1.02V) and -0.7 V (Eonset, 2 = -0.45 V). The 
difference of the first peak of about 0.3 V may arise due to enhanced width of the peak on platinum 
electrode, which does not lead to a distinct maximum. Furthermore, the voltammograms showed a 
non-reversible peak in the oxidative region, which resembles the oxidative peak of the unclicked 
fullerenes, but with a 0.3 V lower offset. The oxidation peak of the polymer was also not sufficiently 
well-defined. The limiting factor of the solvent scan window (we used CHCl3) did not allow us to fully 
oxidize the polymer. The broadening of the oxidation and reduction potentials and the disappearance 
of separate reduction potentials may arise from the nature of the fullerenes in the polymer. In contrast 
with CV measurements on un-clicked fullerene species, in the polymer not all fullerenes have a 
chemically identical environment. For instance, some fullerenes are located more at the edges of the 
PIC backbone, some in the middle, and the amount of neighboring fullerenes differs. This effect is 
strengthened by the polydispersity of the polymers which may give a wide range of slightly different 
potentials, of which all add up to a broader oxidation and reduction potential. Nevertheless, those 
oxidation-reduction processes, seen in the voltammograms, are irreversible even scanning at a 
relatively low scan rate (0.1 Vs
-1
). This could also indicate very slow electrochemical processes in the 
polymer. Taking only C60 spheres in the polymer chain and only three electron transfers in each 
fullerene into account, electrochemical processes are proposed in Figure 7. 
Graph 2. Cyclic voltammograms of 2,4,6-functionalized PIC (P2-9d) in solution. Measured with Pt (left) and glassy carbon 
(right) electrodes.  
I 
(A
) 
I 
(A
) 
V (V) vs. Fc/Fc+ V (V) vs. Fc/Fc+ 
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   This model becomes much more complicated for our system, as alkoxy groups, benzene ring and 
nitrogen atom also contribute to the system. Highly electron rich oxygen and nitrogen atoms can also 
participate in the electron transfer as electron donors, whereas benzene ring can act as electron 
withdrawing group. The entire alkylpyrrolidine group can act more or less as an electron withdrawer 
from the highly symmetric C60 cage; therefore we can guess that in entire system with so many AFPs 
having different numbers and nature of neighboring fullerenes the electron transfer is very 
complicated. We must also take into account the electron loss (trapping) in the whole fullerene-
polymer system. In summary, the cyclic voltammetry measurements for the polymer P2-9d were not 
conclusive, showing non-intensive peaks for reduction and oxidation processes. The non-reversibility 
of those processes might be due to too low rate of electron transfer and the lowering of the scan rate 
even more (till 0.05 Vs
-1
 or even more) might enhance the distinction of the peaks. Nevertheless, we 
were mostly interested in the application of this material in OPV devices, where electron transfer takes 
place between donor and acceptor materials and would be even more complicated as in the case of 
C60-PIC alone. The results of photovoltaics are discussed in the next sub-chapter. 
   For the application in OPVs, C60-PIC should be used in the form of the thin film. To study the film 
morphology, we carried out scanning electron microscopy (SEM) and tunneling electron microscopy 
Figure 7. Possible electron transfer in fullerene molecule and between different fullerene molecules in a fullerene-
polymer. One row in the model represents the electron transfer in one fullerene sphere. As fullerenes are close to each 
other in a helical polymer chain, electron transfer between neighbouring fullerenes takes place. In this ideal model, 
electron trapping by additional atoms in the PIC-fullerene system is excluded. 
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(TEM) studies. Both SEM and TEM studies of this polymer, however, were not easy. The resolution 
of both techniques is not as high as that of AFM and thus only information in the aggregated state can 
be expected. Spin-coating the concentrated solution of P2-9d resulted in dark aggregates, shown in 
Figure 8. The dark color of those aggregates with the reference to ITO substrate, on which the 
polymer was spin-coated, did confirm relatively good conductivity properties. Of course, it should be 
noted that just the color of the polymer aggregates in SEM is not the solid quantitative stand, but this 
at least shows that the polymer is not an insulator. TEM also showed similar big aggregates of the 
polymer, but due to too low resolution properties, individual features in the polymer aggregates could 
not be distinguished. 
   While drying the polymer solution in toluene by a rotary evaporater, a very thin film of fullerene 
PIC (P2-9c) was formed. This rotary evaporater drying process is different from the spin-coating of a 
high concentration solution. The differences in rate of the evaporation, surface area, rotational speed, 
and even the temperature are very different in both processes. The heating and the reduced pressure 
enhance the evaporation rate. The centrifugal force and the frictional force between the wall of the 
rotating flask and the liquid sample, result in the formation of the thin-film of warm solution that is 
spread over the large surface. This allows quick, but gentle evaporation of the solvent.
70
 Solvent 
evaporation and film formation in spin-coating, on the contrary, uses only the liquid and vapour 
diffusion in air and at room temperature. The spinning process helps to enhance vapour pressure, but 
at the same time lots of the material is lost due to rotation, which forces the liquid to move out of the 
substrate due to centrifugal forces. Therefore in the rotary evaporater, a thicker film can be observed. 
The film thickness H after spin coating is inversely proportional to the spin speed w (equation 4). 
                                                                                     (4) 
where H is thickness and N depends on solvent evaporation. In most cases, the evaporation rate N 
varies with the square root of the spin speed (       ). This film thickness equation can be affected 
by the formation of a “skin” layer during the coating process. “Skin” layer formation is caused by the 
difference in the properties of the spinning material near the air interface and the properties of the bulk 
fluid. If the skin layer is formed at the beginning of the spin coating process, little evaporation occurs 
and the value of N is close to 1, whereas if the skin layer is formed later, most of the evaporation 
would have taken place and the value of N is close to 0.5.
71
 The solvent used (in our case  - toluene) 
Figure 8. SEM pictures of spin-coated P2-9d species, showing the aggregates of polymers. Spin-coated from not less 
than 1M CHCl3 solution (the exact concentration is not known, as the polymer was not dried after purification) on 
ITO-on-glass substrate (rate of rotation 3000 rpm). The sample was not coated with gold before the measurement. 
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evaporates slowly at low vapor pressure, therefore one can always expect to have a solvent retained at 
the substrate-film interface, as was also reported by many authors for organic solvents.
72–74
  
   The thin films, formed under rotary evaporation were removed from the flask by mixing with a 
small amount of toluene. The material was not soluble anymore in any of the organic solvents, the film 
cracked and some of it wrapped themselves into thick (macroscopic) fibers (Figure 9). The thick film 
(and the fibers) of fullerene PIC (P2-9c) was examined by optical and electron microscopies. Both 
thick and thin films were examined (Figure 10). Thick films consisted from at least two layers of 
polymer thin films (Figure 10, a) and unfortunately we can focus only on one layer at the time. But it 
was good enough to see the difference between the drop-casted films (Figure 10, c) and formed under 
rotary evaporation (Figure 10, a). In drop-casted films, large fullerene aggregates formed dark areas 
through the entire drop casted sample. On the contrary, there was hardly any aggregation of fullerenes 
seen in the sample, obtained from the rotary evaporation process. The same behavior was found in the 
thin films (one - layered Figure 10, b), where no macroscopic aggregates of fullerenes were detected 
by optical microscopy. To the best of our knowledge, this is the first time that highly fullerene 
Figure 9. Photo of the thin-film scrolls of the fullerene polymer P2-9c. 
Figure 10. Optical microscopy pictures of the fullerene polymer P2-9c film, prepared by a) and b) drying from toluene 
solution in rotary evaporater and c) drop-casted thin-film of the same polymer.  
a
) 
b c) 
114 
 
saturated thin films, but without significant aggregation is formed. We examined those thin films 
using electronic microscopies. Both SEM and TEM did show a monolayer of the fullerene-PIC film 
(Figure 11, a, b). TEM pictures of the wrapped in films (Figure 11, c) did indeed show the thin upper 
layer of the scroll, consisting of long polymeric structures, and no aggregates of fullerene were 
detected. Drop casting polymer P2-9c from a concentrated toluene solution yielded nanorods (Figure 
12a). The polymer-fullerene system formed rods varying in thickness (till approximately 200 nm) due 
to fullerene nature to aggregate. The aggregation behavior and formation of different nano structures 
by variation of the processing parameters (mainly solvents and temperature) have been discussed 
earlier by several groups.
75–82
 Probably the best explanation of self-assembly into wires from C60 
solution in toluene was that of Park et.al.
79
 He found that the shape of the nano structures from C60 
solutions, while drop casting, depends on the shape of the solvent molecule. Toluene (as other benzene 
series solvents) is a pseudo-2D solvent and guides fullerene molecules to self-assemble into p1D 
structures (wires). Since fullerene molecules are built up from pentagons and hexagons, the same 
structure bearing aromatic solvents interact with fullerene.
83
  
   The chloroform solution of the polymer P2-9d straight from the SEC purification was drop-casted, 
using the same conditions as for P2-9c. Chloroform is pseudo-3D solvent and, according to Park,
79
 
p2D structures of fullerene should be expected. The initial formation of such structures did occur 
Figure 11. Electronic microscopy pictures of thin-film of fullerene-polymer P2-9c. a) SEM and b) TEM pictures of the 
thin film of the polymer. c) TEM image of the thin-films, wrapped into scroll. 
c) b) a) 
Figure 12. Transmission electron microscopy pictures of a) short (<200 nm) nanofibres, formed from concentrated 
toluene solution of fullerene polymer P2-9c and b) hexagonal disks, formed from the concentrated chloroform 
solution of fullerene polymer P2-9d. 
a) b) 
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(Figure 12b) and some of hexagonal disks were indeed formed, but the formation of those structures 
was in low percentages throughout the sample. Taking into account the high steric hindrance of 
fullerenes 9d, which are liquid at room temperature,
50
 such fullerene-polymers disfavor to pack. 
Another factor contributing to morphology formation is the rate of solvent evaporation. Chloroform is 
a volatile liquid with the evaporation rate of 0.09 (compared to butyl acetate = 1), whereas toluene 
evaporation rate is 2.0. Consequently, fullerene polymers have enough time to form well-defined 
architectures, when the solution is drying from toluene, but not from chloroform solution.  
    Powder X-ray diffraction (PXRD) studies did show big changes in the crystallinity of the polymer 
backbone (Figure 13). Polymer P2 did show very intensive peak with the maximum at 2Θ = 4.3 °, 
which gives the d-spacing of 20.16 Å, according to Braggs law, as reported by our group earlier.
46,84
 
Broad intensive peak at 2Θ = 20 ° (d spacing of 4.47 Å) and less intensive broad peaks at 5 ° (d 
spacing of 27.22 Å) and 46
 
° (d spacing of 1.94 Å), characteristic to fullerene structures were observed 
in the measured refractogram of the drop-casted thin film of fullerene derivative 9d.
85
 As this material 
is liquid in room temperature, we cannot measure powder XRD for it. For pristine polymer P2, only 
broad peaks were observed for the fullerene polymer P2-9d, corresponding mostly to the amorphous 
fullerene phase. 
   Sharp peak of highly crystalline polymer P2 at 4.3
 
° disappeared, showing highly amorphous solid. 
This observation confirmed our assumption about the packing of the sterically hindered fullerene 
polymers. Fullerenes prevents the polymer to pack, therefore no sharp peak of polyisocyanide is 
visible. Less sterically hindered polymer P2-9c did show better packing behavior while forming 
nanowires, therefore it was expected to get much more crystallinity for this sample. First, we 
measured powder XRD of the fullerene derivative 9c, which revealed only slightly enhanced 
crystallinity compare with the thin film of 9d. The measured powder XRD patterns are shown in the 
Figure 13. XRD studies of PIC, fullerene derivative 9d and polymer with fullerene P2-9d. 
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Figure 14 and the main peaks are taken out in the Table 2 and 3 (Experimental part). As can be seen, 
unexpectedly fullerene polymer (P2-9c) showed much more enhanced crystallinity with more than 20 
very sharp peaks. We explored this crystallinity further by doing two blank reactions: one with 9c, 
CuBr and its ligand and another – just stirring the solution of 9c in toluene overnight. As it can be 
seen, the assembly of the fulleropyrolidine 9c is enhanced in the case we do have CuBr and its ligand 
present. However, this spectrum is different from the one, formed by P2-9c. Only very small amounts 
of copper (catalytic amount) are used, hence one cannot expect any assembly of copper in these 
crystalline features. One of the possibilities is the growth of crystalline polyfullerene assemblies 
(nanowires, see Figure 12a), initiated by the copper. We also checked the morphology of the blank 
reactions (with copper and without it) by TEM. Sample preparation was similar to the fullerene-
polymer (drop-casting from toluene solution). The blank reaction without copper showed the 
formation of the disk shaped assemblies, which was already reported earlier from dioxane.
10
 However, 
those disk-like assemblies also did not show high crystallinity in powder XRD (Figure 14).  
Figure 14. XRD studies of PIC, fullerene derivative 9c and polymer with fullerene P2-9c. Blank with Cu 
correspond to the blank fulleropyrolidine 9c reaction with CuBr and PMDTA; “Blank without copper” – 9c mixing 
in toluene. 
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   Polymer-fullerene system is pretty complicated; therefore most of the characterizations of such a 
system are troublesome. In the next section, photovoltaic studies of those polymers will be presented, 
which will give more insight into structure and electronic properties of this material. 
5.6 Photovoltaic studies of fullerene polymers 
The main goal of this work was to introduce rigid fullerene polymers into organic photovoltaic cells. 
None of the characterisations used did prove or reject this possibility, therefore solar cells were 
constructed and their properties were measured. Initially C60-PIC was used as a compatibilizer in 
common P3HT:PCBM solar cells. The compatibilizer principle in organic solar cells is introduced in 
the Chapter 1. C60-PIC system consists of fullerene molecules, which would prefer to stay close to 
PCBM phase, whereas benzene groups with three long alkyl chains would prefer the company of the 
P3HT polymer. As a result, rigid rods (Figure 5) or even nanowires of fullerene polymers (Figure 
12a) might introduce higher degree of miscibility for the whole active layer. Theoretically, in the 
whole bulk system they should prefer staying at the interface between the donor and acceptor 
materials, as it is shown in the Figure 15.  
   Inverted photovoltaic devices were prepared. Some of them had 10 - 20 % of fullerene polymers as a 
compatibilizer in usual PCBM:P3HT blend, some were fully prepared from fullerene polymer:P3HT 
blend. The results are given in Table 2. From the results it is clear that 10% of fullerene polymer 
reduces the absolute PCE value by 0.5 %, whereas 20 % reduces this value almost to zero. The 
addition of 10 % of the fullerene polymer significantly reduces short-circuit current density (JSC). The 
growth of open circuit voltage (VOC) is also present, but still the enhancement of this value does not 
help to achieve high PCE value due to significant decrease in JSC and fill factor (FF).
86
 Addition of 10 
more percent of fullerene-polymer (in total 20 %) significantly reduce all the factors, influencing the 
absolute PCE value. As the addition of only 20 % of the fullerene polymer did significantly reduce the 
Figure 15. Possible position of fullerene-polymers in the active layer of PCBM:P3HT. 
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absolute value of the PCE of our devices, there is no wonder that the usage of this material as the 
whole electron acceptor layer did not make any improvement, but reduced all the factors almost to the 
minimum. Those photovoltaic measurements showed that this material does not act as an electron 
acceptor, but more as an insulator. Insulating behaviour of this polymer might arise due to electron 
trapping in oxyalkyl chains and nitrogen atoms of fulleropyrolidines. 
5.7 Conclusions and outlook 
In summary, we have synthesized novel azide-functionalized L,L-dipeptide polyisocyanopeptides with 
C11 linkers, exhibiting enhanced solubility properties compared with other azide dipeptide PICs. Novel 
fullerene derivatives with long alkyl chains and acetylene functionalities, highly soluble in common 
organic solvents, were synthesized for possible application as electron acceptors in OPV devices. 
Those compounds showed similar redox potential (~ -3.7 eV) as PCBM, commonly used acceptor in 
OPVs. Two structures – PICs and fullerene derivatives – were coupled using common “click” 
chemistry. Research on copper (I) stabilizing ligand, capable to enhance strongly the conversion of 
click reaction did show that common ligand PMDETA cannon be used in order to get high 
conversions. Whereas three triazoles bearing TBTA and TTTA tetradentate ligands completely 
“envelope” copper (I) center, wherefore no free binding sites are available for destabilizing 
interactions and copper (I) is completely active for longer time, which is needed in bulky media. 
Polymers, functionalized with fullerenes by more than 95%, showed highly rigid rod-like structures, 
confirmed by AFM. Measurements of electronic properties of those polymers were not completely 
conclusive. Two irreversible peaks were observed (-1.44 V and -0.7 V) while measuring on carbon 
electrode. The non-reversibility of those processes might be due to too low rate of electron transfer. In 
this quite complicated system, theoretically not all fullerenes are in the same configuration. Some are 
located more at the edges of the polymer backbone, some – at the middle. Polydispersity of the PICs 
also may play a minor role. Morphological studies of drop-casted toluene solution of less sterically 
hindered fullerene polymer P2-9c did show the formation of nanowires, which is dependent on the 
solvent. The same studies of more sterically hindered polymer P2-9d from chloroform did show the 
competing formation of hexagonal disks (tuned by pseudo - 3D solvent) and micelles. During rotary 
Name VOC, mV JSC, mA cm
-2 
FF, % Nr of cells PCE, % 
PCBM:P3HT(Sigma) 519.16 4.85 49.72 7 1.48 
PCBM:P3HT+0.1 P2-9d 575.79 3.9. 47.05 3 1.06 
PCBM:P3HT+0.2 P2-9c 32.59 2.72 24.93 4 0.03 
P2-9d:P3HT 0.061 0.00 0.26 8 0.00 
P2-9c:P3HT 0.070 0.00 0.24 6 0.01 
Table 2. Photovoltaic studies of devices with 10-50% of fullerene-polymer in PCBM:P3HT blend. VOC – open circuit 
voltage; JSC – short-circuit current density; FF – fill factor; PCE – power conversion efficiency. 
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evaporation process of the polymer P2-9c solution from toluene, very dense, closely packed 
monolayer of fullerene-polymer was formed, where hardly no aggregation of fullerenes were visible 
anymore. The best of our knowledge, it was the first time that a self-assembled fullerene thin film was 
formed not using any other techniques (like Langmuir - Blodgett). Powder X-Ray diffraction of the 
polymer P2-9d did show highly amorphous phase, which was expected for the polymer with sterically 
hindered fullerenes, as steric hindrance prevented polymer from packing. Opposite, polymer P2-9c did 
show enhanced crystallinity compared with fullerene derivative and even with the PIC itself. High 
crystallinity also remained in the thin film of this polymer, drop-casted from toluene solution. Powder 
XRD studies of the blank experiment (9c + CuBr + PMDTA) also showed highly crystalline spectra, 
which did not resemble with that one of the fullerene-polyisocyanide P2-9c. As no high crystallinity 
was observed in the case without copper, we can conclude that a small amount of copper may aid in 
the formation of small nanowires of fullerenes. We also tried to introduce those two polymers in 
photovoltaic devices as full electron acceptor layer or as a compatibilizer. By adding just 10 % of the 
material into usual PCBM:P3HT mixture, the efficiency dropped by almost 30 %, whereas 20 % of 
this polymer reduced the efficiency of solar cell device almost to zero. No wonder, that usage of this 
polymer as the whole acceptor layer yielded almost zero power conversion for the prepared devices. 
As this material completely blocked the charge transport in the OPV device while having only 20 % of 
the polymer additionally to the PCBM:P3HT mixture, we can conclude that this material is not 
suitable for solar cell devices, at least not in a mixture with P3HT.  
   In summary, we have synthesized highly soluble and processable fullerene-polyisocyanide polymer. 
Introduction of three long oxyalkyl chains to the fulleropyrolidine, C11 linker in the 
polyisocyanopeptide side chain and usage of L,L-alanine did help to achieve this enhanced solubility 
properties. However, those additional linkers, added to the aromatic fullerene system, reduced the 
electron transporting properties of this polymer, and acted as insulators. Both oxyalkyl chains and 
oxygen atoms in the polyisocyanopeptide polymer were acting as electron traps. 
   As an outlook for the fullerene-polyisocyanopeptide system, possible enhancement in the absolute 
PCE value can be achieved by the addition of the oligo(3-hexyl)thiophene to the fulleropyrolidine. 
Such oligothiophene-fullerene system would be highly soluble, and the conjugated oligothiophene 
system would not act as an insulator. However, focus on polyfullerene systems, build using single 
particle nanofabrication technique offers highly conductive nanowires.
87
 Recent results of Kim et.al.
88
 
introduce the vertically grown fullerene nanowires using solvent vapor annealing (SVA) technique, 
which could open the window to the easy fabrication of highly efficient devices. 
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5.8 Experimental part 
1. General procedures and equipment 
All the solvents were distilled under nitrogen atmosphere before use. All chemicals were purchased as 
a reagent grade and used without further purification, unless noted otherwise. L-homopropargyl 
glycine was purchased from Chiralix. 
   Microwave-assisted reactions were performed in a CEM Discover laboratory reactor. Silica gel 
(0.035-0.070 mm, pore size 6 mm) purchased from Acros was used for column chromatography, and 
Silica 60 F254 coated glass plates from Merck were used for Thin Layer Chromatography. 
1
H-NMR 
spectra were recorded on Bruker DPX-200, Bruker AC-300 and Varian INOVA 400 instruments, 
while 
13
C-NMR spectra were recorded on a Bruker AC-300 machine. All measurements were 
performed at room temperature, and chemical shifts (δ) are reported in ppm relative to 
tetramethylsilane. FT-IR spectra were recorded on Bruker Tensor 27 and Anadis/Thermo Mattson IR-
300 ATR instruments, either in solution, in pellet or neat. MALDI-TOF spectra were recorded on a 
Bruker BIFLEX III instrument using dithranol matrix, light-molecule settings and 50 % - 70 % laser 
power in both reflective and linear mode. Other mass spectra were obtained from a Thermo LCQ 
Advantage Max instrument using Electron Spray Ionization. The most important signal is reported in 
m/z units with M+ as the molecular ion. All UV-VIS spectra were obtained from Varian Cary 50 
Conc, while a Perkin Elmer LS 55 Fluorescence was used to measure both emission and excitation. 
CD-spectra were recorded on a Jasco J600 CD spectrometer equipped with a Peltier temperature 
control unit. CV measurements were done using an Autolab Ecochemie PGStat 100 processor and 
General Purpose Elechtrochemical System (GPES) software version 4.9. All measurements were done 
at a scan rate of 0.1 V/s in a CHCl3 solution with THAB (0.1 M) solution. AFM images were scanned 
by tapping mode on Veeco Dimension 3100, using noncontact gold-coated cantilevers NSG10 from 
NT-MDT. Samples were prepared by spin-coating diluted solution (10
-6 
M) on freshly cleaved mica 
substrate. Powder XRD measurements were performed on a Bruker D8 AXS Advance X-ray 
diffractometer (monochromatic Cu Kα radiation, λ = 1.54 Å) in the range of 2θ = 2 to 50 °. 
2.  Synthesis 
Synthesis of N3-functionalised polyisocyanopeptides (Scheme. 1)  
Polymer P1 was synthesized as reported earlier by our group.
44
 11-azidoundecan-1-ol was 
synthesised as reported elsewhere.
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Boc-L-Ala-undecylazide (1b). 11-Azidoundecan-1-ol (50 
mmol, 10.67 g), Boc-L-Ala-OH (52.5 mmol, 9.93 g), DCC (55 
mmol, 11.35 g), DMAP (55 mmol, 6.72 g) and DIPEA (110 
mmol, 14.22 g) were dissolved in 300 mL of dry DCM. The reaction mixture was stirred overnight at 
room temperature. TLC (5 % MeOH in DCM) was used to follow reaction progress. On reaction 
 
121 
 
completion, the solvent was evaporated and the product mixture was dissolved in 300 mL CHCl3 and 
washed with 3*300 mL 10 % aqueous citric acid, 2*300 mL H2O and 2*300 mL sat. NaHCO3. 
Product was purified using column chromatography (0.5 % MeOH in DCM). Yield was 15.80 g (41 
mmol, 82 %).  
1
H-NMR (300 MHz, CDCl3, ppm): δ 5.04 (s br, 1H, 14), 4.30 (m br, 1H, 12), 4.12 (dt, 2H, J=6.9, 3.0 
Hz, 11), 3.25 (t, 2H, J=6.9 Hz, 1), 1.58 (m, 4H, 10, 2), 1.45 (s, 9H, 15), 1.38 (d, 3H, J=7.0 Hz, 13), 
1.24 (m, 14H, 9-3).  
FT-IR: 2928, 2855, 2095, 1715, 1504, 1455, 1366, 1346, 1250, 1169, 1068, 613 cm
-1
. 
Boc-L-Ala-L-Ala-undecylazide (3b). Boc-L-Ala-undecylazide (1b) (39 mmol, 15.00 g) was 
dissolved in 200 mL of 2M HCl in EtOAc. After stirring for 1h, reaction progress was checked by 
TLC (10 % MeOH in DCM, ninhydrin stain). Upon full 
conversion, the EtOAc was evaporated in a rotary evaporator. 
The remaining solids were dissolved in 200 mL 1 : 1 
tBuOH:DCM and then dried, followed by another cycle of dissolution in 1:1 tBuOH:DCM and 
evaporation. This deprotection procedure yielded HCl containing salt (2b) which was immediately 
used in the next step. Solids were dissolved in 300 mL dry DCM. To this solution Boc-L-Ala-OH (41 
mmol, 7.75 g), HOBt (43 mmol, 5.81 g), EDC (43 mmol, 6.68 g) and DIPEA (86 mmol, 11.09 g) were 
subsequently added. The reaction mixture was stirred overnight at room temperature. Then, the 
solvent was evaporated, the residue dissolved in 300 mL CHCl3 and washed with 3*300 mL 10 % 
aqueous citric acid, 3*300 mL H2O and 2*300 mL saturated aqueous NaHCO3. Column 
chromatography (silica, 0.5 % MeOH in DCM) yielded 12.23 g of pure product (69 %). 
1
H-NMR (200 MHz, CDCl3, ppm): δ 6.60 (d br, 1H, J=7.0 Hz, 17), 5.00 (s br, 1H, 14), 4.55 (q5, 1H, 
J=7.4 Hz, 15), 4.13 (m, 3H, 12-11), 3.22 (t, 2H, J=7.2 Hz, 1), 1.60 (m, 4H, 10, 2), 1.44 (s, 9H, 18), 
1.40 (d, 3H, J=7.2 Hz, 16), 1.36 (d, 3H, J=7.2 Hz, 13), 1.28 (m, 14H, 9-3). 
Formyl-L-Ala-L-Ala-undecylazide (5b). Boc-L-Ala-L-
Ala-undecylazide (25 mmol, 11.39 g) was dissolved in 
200 mL of 2M HCl in EtOAc. After stirring for 1h, 
reaction progress was checked by TLC (10 % MeOH in DCM, ninhydrin stain). Upon full conversion 
the EtOAc was evaporated in a fumehood rotary evaporator. The remaining solids were dissolved in 
200 mL 1 : 1 tBuOH:DCM and then dried, followed by another cycle of dissolution in 1 : 1 
tBuOH:DCM and evaporation. This deprotection procedure yielded compound 4b, which was 
immediately used in a formylation reaction. 
   Solids were dissolved in 400 mL ethylformate. To this solution 4.2 equivalents of sodium formate 
(105 mmol, 7.14 g) were added and the reaction mixture was refluxed overnight. Afterwards, the 
reaction mixture was filtrated and the residue washed with CHCl3.The combined chloroform and ethyl 
formate phases were evaporated and dried on high vacuum. The solids were then dissolved in a 
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minimal amount of EtOH (dissolution proceeds slowly). By careful addition of diisopropylether (5 - 
10 times the amount of EtOH used) a bilayer system was created, which was placed in a closed flask 
overnight. When no crystals form, either cooling or mixing of the layers can be used. Material was 
checked for impurities, and, after another recrystallization cycle, 5.40 g (56 %) of product was 
obtained. 
1
H-NMR (300 MHz, CDCl3, ppm): δ 8.18 (s, 1H, 18), 6.39 (d br, 1H, J=6.9 Hz, 17), 6.25 (s br, 1H, 
14), 4.56 (m, 2H, 15, 12), 4.14 (m, 2H, 11), 3.25 (t, 2H, J=6.9 Hz, 1), 1.62 (m, 4H, 10, 2), 1.42 (d, 3H, 
J=6.9 Hz, 16), 1.41 (d, 3H, J=7.2 Hz, 13), 1.28 (m, 14H, 9-3).  
13
C-NMR (300 MHz, CDCl3, ppm): δ 174.26, 173.03, 160.53, 64.85, 51.39, 48.06, 46.67, 33.25, 
32.74, 30.24, 28.07, 27.29, 19.49, 17.39. 
Isocyano-L-Ala-L-Ala-undecylazide (6b). Formyl-L-Ala-
L-Ala-undecylazide (300 mg, 0.78 mmol) was dissolved in 
120 mL of dry DCM under Ar atmosphere, in flame-dried 
glassware. After addition of N-methyl morpholine (198 mg, 1.95 mmol), the reaction mixture was 
cooled to -30
 
°C. A solution of diphosgene (78 mg, 0.39 mmol) in 15 mL dry DCM was added 
dropwise over 60 minutes. Yellow coloration of the reaction mixture indicates a side reaction due to 
high diphosgene concentrations. If this happens, quench the reaction using 30 mL saturated NaHCO3 
(aq.). If the reaction proceeds with no or very slight coloration, check for completion using TLC 
(CHCl3:MeOH 9 : 1, ninhydrin stain). After completion, the reaction mixture was warmed to 0
 
°C, 30 
mL sat. NaHCO3(aq.) was added (not applicable if the reaction was quenched already) and the mixture 
stirred vigorously for 10 minutes. The product was extracted using 75 mL CHCl3, the combined 
organic layer washed with 100 mL 10 % NaHCO3(aq.), dried over MgSO4 and evaporated. Column 
chromatography (silica, 5 % MeOH in DCM), following by a crystallization of impurities using a 
MeOH / DCM solvent mixture, yielded 154 mg (54 %) of product. As this product is relatively 
unstable, it was immediately used in polymerization reactions. 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.91 (d br, 1H, J=6.8 Hz, 14), 4.50 (q5, 1H, J=7.2 Hz, 12), 4.22 
(q, 1H, J=7.2 Hz, 15), 4.12 (dt, 2H, J=6.8, 2.8 Hz, 11), 3.21 (t, 2H, J=7.2 Hz, 1), 1.62 (d, 2H, J= 7.2 
Hz, 16), 1.60 (q, 2H, J=7.2 Hz, 10), 1.53 (q, 2H, J=7.2 Hz, 2), 1.43 (d, 3H, J=7.2 Hz, 13), 1.24 (m, 
14H, 9-3).  
13
C-NMR (300 MHz, CDCl3, ppm): δ 171.6, 165.1, 161.0, 65.5, 52.8, 51.0, 48.2, 28.9-28.0, 26.2, 25.3, 
19.1, 17.7.  
COSY: See Figure 16.  
DQF-COSY: See Figure 17.  
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HSQC: See Figure 18.  
FT-IR: 3358, 3252, 2924, 2852, 2092, 1737, 1685, 1645, 1531, 1454, 1372, 1203, 1158, 1112, 1054, 
979, 937, 893, 835, 633 cm
-1
.  
Elemental analysis cannot be performed due to quick degradation of the product.  
Solid state C-NMR (16 kHz, ppm): δ 174.26, 173.03, 160.53, 64.85, 51.39, 48.06, 46.67, 33.25, 32.74, 
30.24, 28.07, 27.29, 19.50, 17.39. 
Polyisocyano-L-Ala-L-Ala-undecylazide (P2). Isocyano-
L-Ala-L-Ala-undecylazide (150 mg, 0.41 mmol) was 
dissolved in 3 mL DCM in a test tube. At the same time, 
Ni(ClO4)2∙6H2O (30 mg, 82 mmol) was dissolved in 10 mL MeOH. 10 µL of this catalyst solution was 
added to the isocyanide-test tube, and stirred for 24 h at room temperature. Already after 1h FT-IR 
Figure 17. DQF-COSY of compound 6b Figure 16. COSY of compound 6b 
Figure 18.HSQC of compound 6b 
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spectra showed disappearance of the isocyanide peak, but for full conversion the reaction was 
continued for 24 h. The product was then isolated by evaporating the solvent, and dissolved in as little 
CHCl3 as possible. This solution was vortex precipitated into 200 mL of the mixture of MeOH:water 
(3 : 1), creating a cream-colored precipitate. This was filtered off, washed with cold methanol and 
dried under vacuum. Yield of polymer was 118 mg (79 %).  
FT-IR: 3362, 2925, 2853, 2092, 1738, 1686, 1645, 1532, 1454, 1205, 1199, 1158, 1112, 1055 cm
-1
. 
CD: 249, 295 nm.  
1
H-NMR (400 MHz, CDCl3, ppm): 8.68, 7.59, 4.02 (d), 3.26 (s), 1.60 (s), 1.29 (s).  
13
C-NMR (300 MHz, CDCl3, ppm): 171.70, 160.57, 64.42, 50.94, 29.06, 28.72, 28.37, 26.26, 25.42, 
20.69, 17.14, 15.25. 
Synthesis of fullerene derivatives (Scheme. 2) 
4-(Dodecyloxy)benzaldehyde (8a). 4-hydroxybenzaldehyde (15 mmol, 1.83 g), 1-
bromododecane (30 mmol, 7.48 g), K2CO3 (50 mmol, 6.91 g) and KI (1.80 mmol, 300 
mg) were dissolved in 300 mL dry DMF. The mixture was then stirred at 70
 
°C for 24 
h. The reaction was followed by TLC (1 : 1 DCM : n-hexane) and only stopped upon 
completion. For work-up, the reaction mixture was cooled to r.t. and mixed with water. 
The product was extracted with chloroform (3 x), these organic layers were combined 
and washed with brine (2 x), water (1 x) and then dried over Na2SO4. Concentrate the 
solution, isolate product by column chromatography (silica, 1 : 2 DCM : n-hexane) and 
recrystallize from CHCl3 : MeOH. Yield of 8a was 2.54 g (58 %).  
1
H-NMR (400 MHz, CDCl3, ppm): 9.86 (s, 1H, 15), 7.87 (d, 2H, J=8.8 Hz, 14), 7.03 
(d, 2H, J=8.8 Hz, 13), 3.99 (t, 2H, J=6.4 Hz, 12), 1.79 (m, 1H, 12), 1.43 (m, 1H, 11), 
1.24 (m, 18H, 10-2), 0.86 (t, 3H, J=6.0 Hz, 1). 
2,4-Bis(dodecyloxy)benzaldehyde (8b). The compound was synthesized and purified 
as 8a. 2,4-dihydroxybenzaldehyde (15 mmol, 2.07 g), 1-bromododecane (60 mmol, 
15.0 g), K2CO3 (50 mmol, 6.91 g), KI (1.80 mmol). Recrystallized from acetone. Yield 
of 8b is 3.17 g (45 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 10.30 (s, 1H, 28), 7.77 (d, 1H, J=8.8 Hz, 27), 
6.48 (d, 1H, J=8.8 Hz, 26), 6.39 (s, 1H, 25), 3.99 (t, 4H, J=6.4 Hz, 24-23), 1.79 (m, 
4H, 22-21), 1.43 (m, 4H, 20-19), 1.24 (m, 36H, 18-3), 0.86 (t, 6H, J=6.0 Hz, 2-1). 
Methyl-3,4,5-tris(dodecyloxy)benzoate. Methyl-3,4,5-trihydroxybenzoate (15 
mmol, 2.76 g), 1-bromododecane (90 mmol, 22.5 g), K2CO3 (100 mmol, 13.82 g) and 
KI (1.80 mmol). Recrystallized from acetone. Yield of the product was 4.34 g (42 
%). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.05 (s, 2H, 37), 4.06 (t, 2H, J=6.4 Hz, 35), 4.04 
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(t, 4H, J=6.0 Hz, 36, 34), 3.89 (s, 3H, 38), 1.76 (m, 6H, 33-31), 1.42 (m, 6H, 30-28), 1.25 (m, 54H, 
27-4), 0.86 (t, 9H, J=6.0 Hz, 3-1). 
(3,4,5-Tris(dodecyloxy)phenyl)methanol. Methyl-3,4,5-tris(dodecyloxy)benzoate 
(5.0 mmol, 3.45 g) was dissolved in 10 mL dry THF, and this solution was added 
to a suspension of LiAlH4 (5.0 mmol, 190 mg) in 5 mL dry THF dropwise at room 
temperature. After the entire solution had been added, the mixture was reacted for 
2 hours. Then, the reaction was quenched by adding water and stirring vigorously, 
before dissolving any precipitate by adding 10 % HCl (aq). The product was 
extracted using DCM, the extract dried using MgSO4 and concentrated, yielding 
2.65 g (80 %) of product. 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.52 (s, 2H, 37), 4.55 (s, 2H, 38), 3.96 (t, 2H, 
J=6.0 Hz, 35), 3.93 (t, 4H, J=6.0 Hz, 36, 34), 2.30 (s br, 1H, 39), 1.72 (m, 6H, 33-31), 1.43 (m, 6H, 
30-28), 1.24 (m, 54H, 27-4), 0.88 (t, 9H, J=6.0 Hz, 3-1). 
3,4,5-Tris(dodecyloxy)benzaldehyde (8c). (3,4,5-
tris(dodecyloxy)phenyl)methanol (3.3 mmol, 2.20 g) was dissolved in 50 mL dry 
THF, and 2,3-dichloro-5,6-dicyano-p-benzoquinone (3.3 mmol, 749 mg) was 
added. After 10 min, precipitate started forming. After the reaction had finished, 
solvent was evaporated, turning the solution from green to purple. The residue 
was dissolved in DCM and filtrated. The filtrate was then concentrated and the 
product isolated by careful column chromatography (silica, n-heptane to 1 : 1 
DCM : n-heptane). Yield of (8c) was 1.71 g (79 %).  
1
H-NMR (400 MHz, CDCl3, ppm): δ 9.85 (s, 1H, 38), 7.10 (s, 2H, 37), 3.99 (t, 
2H, J=6.0 Hz, 35), 3.95 (t, 4H, J=6.0 Hz, 36, 34), 1.72 (m, 6H, 33-31), 1.42 (m, 6H, 30-28), 1.24 (m, 
54H, 27-4), 0.86 (t, 9H, J=6.0 Hz, 3-1). 
2,4,6-tris(dodecyloxy)benzaldehyde (8d). Cesium carbonate (0.1691 g; 0.518 
mmol) and 2,4,6-trihydroxybenzaldehyde (0.0200 g; 0.129 mmol) were dissolved 
in DMF (7 ml) under an argon atmosphere. 1-Bromododecane (0.11 ml; 0.424 
mmol) was added and the reaction mixture stirred for 20h. A reddish mixture 
remained. CHCl3 (20 ml) was added and the mixture was quenched with 6 M HCl. 
The mixture was washed with brine (2 x 20 ml). The organic phase was dried with 
Na2SO4 and was filtered. Solvent was evaporated and product was purified by 
column chromatography (silica; CH2Cl2 : pentane; 1 : 1). Yield of product (8d) was 0.025 g (29.24 %). 
1
H-NMR (400MHz, CDCl3, ppm): δ 10.38 (s, 1H, 38), 6.03 (s, 2H, 37), 3.99 (t, 6H, J = 6.56 Hz, 34-
36), 1.81 (m, 6H, 31-33), 1.45 (m, 6H, 4-6), 1.26 (s, 48H, 7-30), 0.88 (t, 9H, J = 6.73 Hz, 1-3). M
+
 
659.5 m/z. 
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Propargylglycine. Diethylacetamidomalonate (18.4 mmol, 4.00 g) and 
propargylbromide (36.8 mmol, 4.38 g) were dissolved in 240 mL dry acetonitrile. 
Cs2CO3 (36.8 mmol, 11.94 g) was suspended in the reaction mixture, before dividing it 
into 5 mL-batches. The vials were placed in the microwave reactor and reacted at Pmax= 
300 W, pmax= 150 psi, Tset=130
 
°C and thold=20 min in Standard Mode. After filtering off the Cs2CO3 
and combination and concentration of the reaction mixture, diethylpropargylacetamidomalonate was 
isolated using column chromatography (silica, 1 : 1 heptane : EtOAc) and recrystallization from 
heptane. This compound was dissolved in 200 mL 6 N HCl in water and again reacted in the 
microwave at Pmax= 300 W, pmax= 150 psi, Tset= 90
 
°C and thold= 10 min. The solvent was evaporated 
and the product thoroughly dried on vacuum. Yield of the product (HCl - salt) was 1.51 g (55 %). 
1
H-NMR (400 MHz, D2O, ppm): δ 3.98 (t, 1H, J=6.4 Hz, 1), 2.92 (dd, 2H, J=6.4, 2.8 Hz, 2), 2.54 (t, 
1H, J=2.8 Hz, 3). 
(3,4)-Fullero-2-(4-dodecyloxy)phenyl-4-propargylpyrrolidine (9a). 4-(dodecyloxy)benzaldehyde 
(8a) (0.5 mmol, 145 mg), propargylglycine (0.5 mmol, 56 mg), 
C60 (0.5 mmol, 360 mg) and diisopropylethylamine (0.5 mmol, 
65 mg) were dissolved in 100 mL of toluene in equimolar 
amounts. Afterwards the clear purple reaction mixture was 
refluxed for 48 h, during which it turned dark brown. The 
reaction progress was followed by TLC (1 : 2 DCM : CS2), and 
was stopped as soon as the product spot (brown spot with 
highest Rf) became larger than the C60 spot (purple spot at Rf = 0.9). The mixture was cooled to r.t. and 
concentrated. Purification by column chromatography (silica) started out with eluting and recovering 
C60 with toluene. Then, the adduct mixture was separated using a solvent gradient from toluene :CS2 : 
EtOAc 9 : 1 : 0 to 7 :1 : 2. Yield of product was 206.0 mg (38 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.69 (d, 2H, J=8.8 Hz, 14), 6.85 (d, 2H, J=8.8 Hz, 13), 5.81 (s, 
1H, 15), 5.04 (dd, 1H, J=9.6, 4.8 Hz, 17), 3.88 (t, 2H, J=6.8 Hz, 12), 3.49 (ddd, 1H, J=16.8, 4.4, 2.8 
Hz, 18), 3.31 (s br, 1H, 16), 3.23 (ddd, 1H, J=16.4, 9.6, 2.4 Hz, 19), 2.19 (t, 1H, J=4.0 Hz, 20), 1.68 
(m, 2H, 11), 1.39 (m, 2H, 10), 1.21 (m, 16H, 9-2), 0.82 (t, 3H, J=6.0 Hz, 1) N.B.: The spectrum above 
is for the anti-isomers (at 15 and 17). There is also a small amount of syn-isomer present, for which a 
similar spectrum is visible.  
13
C-NMR (100 MHz, CDCl3, ppm): δ 148-140, 129.1, 81.3, 74.1, 73.5, 71.2, 68.8, 67.5, 31.7, 29.5, 
29.2, 25.9, 23.0, 22.6, 13.9.  
MALDI-TOF: m/z 720 (weak), 1062 (strong) g mol
-1
.  
FT-IR: 3303, 2920, 2849, 1610, 1510, 1463, 1428, 1383, 1301, 1246, 1171, 829, 641, 527 cm
-1
. 
(3,4)-Fullero-2-(2,4-bis(dodecyloxy)phenyl)-4-propargylpyrrolidine (9b). 2,4-
bis(dodecyloxy)benzaldehyde (8b) (1.5 mmol, 1.87 g), propargylglycine (5) (1.5 mmol, 168 mg), C60 
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(1.5 mmol, 1080 mg) and diisopropylethylamine (1.5 mmol, 
194 mg). Yield of product (3e) was 0.58 g (31 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.83 (d, 1H, J=8.8 Hz, 
27), 6.51 (dd, 1H, J=8.8, 2.4 Hz, 26), 6.41 (d, 1H, J=2.4 Hz, 
25), 6.22 (s, 1H, 28), 4.99 (dd, 1H, J=10.4, 4.8 Hz, 30), 3.92 
(tt, 4H, J=6.4, 4.4 Hz, 24-23), 3.53 (ddd, 1H, J=16.0, 4.0, 2.4 
Hz, 32), 3.23 (ddd, 1H, J=16.4, 9.6, 2.4 Hz, 31), 2.24 (t, 1H, 
J=2.4 Hz, 33), 1.76 (q, 4H, J=7.6 Hz, 22-21), 1.43 (m, 4H, 20-19), 1.27 (m, 32H, 18-3), 0.89 (t, 6H, 
J=6.8 Hz, 2-1) N.B.: The spectrum above is for the anti-isomers (at 28 and 30). There is also a small 
amount of syn-isomer present, for which a similar spectrum is visible.  
MALDI-TOF: m/z 750 (strong), 1246 (weak) g mol
-1
.  
FT-IR: 3308, 2919, 2849, 1610, 1584, 1504, 1463, 1462, 1428, 1382, 1301, 1285, 1262, 1177, 1127, 
1030, 831, 795, 741, 642, 529 cm
-1
. 
(3,4)-Fullero-2-(3,4,5-tris(dodecyloxy)phenyl)-4-propargylpyrrolidine (9c). 3,4,5-
tris(dodecyloxy)benzaldehyde (8c) (1.5 mmol, 2.15 g), 
propargylglycine (1.5 mmol, 168 mg), C60 (1.5 mmol, 1080 
mg) and diisopropylethylamine (1.5 mmol, 194 mg. Yield of 
product was 0.62 g (29 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.07 (s, 2H, 37), 5.73 (s, 
1H, 38), 5.03 (dd, 1H, J=9.6, 4.0 Hz, 40), 3.99 (t, 6H, J= 6.0 
Hz, 36-34), 3.53 (ddd, 1H, J=17.2, 4.4, 2.4 Hz, 42), 3.40 (s br, 
1H, 39), 3.25 (ddd, 1H, J=13.6, 7.6, 2.4 Hz, 41), 2.24 (t, 1H, 
J=2.8 Hz, 43), 1.72 (m, 6H, 33-31), 1.42 (m, 6H, 30-28), 1.24 (m, 48H, 27-4), 0.88 (m, 9H, 3-1) N.B.: 
The spectrum above is for the anti-isomers (at 38 and 40). There is also a small amount of syn-isomer 
present, for which a similar spectrum is visible.  
13
C-NMR (16 kHz, solid state, ppm): δ 153.57, 152.90, 146.12, 142.75, 132.45, 108.50, 74.01, 69.20, 
68.43, 62.39, 35.72, 34.20, 32.74, 30.53, 27.97, 26.93, 23.49, 15.52, 14.93.  
MALDI-TOF: m/z 567 (weak), 708 (strong), 720 (strong), 750 (strong), 934 (strong), 1430 (weak) g 
mol
-1
.  
FT-IR: 3308, 2920, 2850, 1692, 1587, 1499, 1462, 1438, 1378, 1330, 1229, 1113, 823, 765, 721, 697, 
630, 527 cm
-1
. 
(3,4)-Fullero-2-(2,4,6-tris(dodecyloxy)phenyl)-4-propargylpyrrolidine (9d). A mixture of 
propargylglycine (0,05862 g; 4,61 mmol), C60 (0,3306 g; 4,58 mmol), 8d (0,303 g; 4,59 mmol) and 
diisopropylethylamine (0,044 ml; 0,459 mmol) in dry toluene (250 ml) was heated under reflux (125 
°C). In 5 days the purple mixture turned dark brown. The mixture was cooled to room temperature and 
evaporated. The crude product was flushed through a cotton plug, first flushing with toluene and then 
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with CHCl3. Column chromatography (silica, toluene : CS2; 9 : 1) was 
used to separate the components. The product resulted in a dark brown 
viscous liquid. Yield of product was 0.1887 g (28.4 %). 
1
H-NMR (400MHz, CDCl3, ppm): δ = 6.43 (d, 1H, J = 13.6 Hz, 38), 6.12 
(d, 2H, J = 5.12 Hz, 37), 5.26 (t, 1H, J = 13.87 Hz, 40), 4.88 (t, 1H, J = 
Hz, 41), 4.07-4.14 (m, 1H, 41), 3.90 (m, 6H, 34-36), 3.72-3.78 (m, 1H, 
42), 3.02 (m, 1H, 42), 2.86 (m, 1H, 43), 2.11 (br.s., 1H, 39), 1.74 (m, 3H), 
1.60 (m, 6H, 31-33), 1.42 (m, 6H, 4-6), 1.25 (m, 48H, 7-30), 0.87 (t, 9H, J 
= 6.37 Hz, 1-3).  
13
C-NMR (300MHz, ppm): δ = 160.64, 159.54, 158.82, 156.54, 154.99, 154.06, 146.92-144.20 (27 
peaks), 143.10-141.51 (16 peaks), 136.84, 135.80, 135.62, 133.85, 104.69, 92.09, 91.83, 83.82, 81.68, 
79.66, 73.19, 70.77, 69.23, 68.01, 31.94, 29.78-29.18, 26.81, 26.05, 22.71, 17.86, 14.11.  
MALDI-TOF: m/z M+ 1445.2 g mol
-1
. 
“Click” reactions of alkylfulleropyrrolidines on polyisocyanoppetides 
Scheme 3. 
(3,4)-Fullero-2-(4-dodecyloxy)phenyl-4-(1-dodecyl[1,2,3]triazol-4-yl)methylpropargylpyrrolidine 
(10a). Compound 8b (14.2 umol, 15.1 mg) and dodecylazide 
(12.0 mmol, 2.5 mg) were each dissolved in 37 mL of toluene 
which had been degassed by three freeze-pump-thaw cycles. 
The solutions were then combined under argon atmosphere. In 
another flask, 10 mL of toluene was degassed by three freeze-
pump-thaw cycles. To this flask, PMDETA (0.24 mmol, 42 
mg) was added, the solution stirred, then CuI (0.12 mmol, 23 
mg) was added and after 10 more minutes of stirring 0.5 mL 
of catalyst solution was transferred to the reaction mixture, all under argon atmosphere. The reaction 
mixture was stirred overnight before purification and analysis. Product was isolated by precipitation 
from toluene into methanol. Yield was 12.4 mg (81 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.68 (d, 2H, J=8.8 Hz, 14), 7.49 (s, 1H, 20), 6.82 (d, 2H, J=8.8 
Hz, 13), 5.72 (s, 1H, 15), 5.17 (dd, 1H, J=10.4, 2.8 Hz, 17), 4.33 (dt, 2H, J=6.4, 1.6 Hz, 21), 4.02 (dd, 
1H, J=14.8, 2.4 Hz, 18), 3.86 (t, 2H, J=7.2 Hz, 12), 3.78 (s br, 1H, 16), 3.61 (dd, 1H, J=15.2, 10.4 Hz, 
19), 1.89 (m, 2H, 22), 1.70 (m, 2H, 11), 1.39 (m, 4H, 23, 10), 1.21 (m, 32H, 31-24, 9-2), 0.83 (m, 6H, 
32, 1). N.B.: The spectrum above is for the anti-isomers (at 15 and 17). There is also a small amount 
of syn-isomer present, for which a similar spectrum is visible.  
13
C-NMR (75 MHz, CDCl3, ppm): δ 147-135, 129.1, 114.1, 81.3, 74.1, 73.5, 71.2, 68.8, 67.5, 31.7, 
29.5-29.1, 25.9, 23.0, 22.6, 13.9.  
MALDI-TOF: m/z 777 (strong), 903 (weak), 1274 (strong) g mol
-1
.  
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FT-IR: 2921, 2842, 1718, 1608, 1519, 1477, 1428, 1383, 126, 1112, 842, 804, 690, 617, 522 cm
-1
. 
(3,4)-Fullero-2-(2,4-bis(dodecyloxy)phenyl)-4-(1-dodecyl[1,2,3]triazol-4-yl)methylpyrrolidine 
(10b). Compound 8b (14.2 umol, 17.7 mg) and 
dodecylazide (12.0 mmol, 2.5 mg), PMDETA (0.24 
mmol, 42 mg), CuI (0.12 mmol, 23 mg). The reaction 
mixture was stirred overnight before purification and 
analysis. Product was isolated by precipitation from 
toluene into methanol. Yield was 15.1 mg (87 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.76 (d, 1H, J=7.6 
Hz, 27), 7.54 (s, 1H, 33), 6.44 (dd, 1H, J=8.4, 2.4 Hz, 
26), 6.35 (d, 1H, J=2.4 Hz, 25), 6.15 (s, 1H, 28), 5.17 (dd, 1H, J=10.0, 2.8 Hz, 30), 4.32 (t, 2H, J=7.2 
Hz, 34), 4.05 (m, 1H, 32), 3.86 (t, 4H, J=6.8 Hz, 24-23), 3.59 (dd, 1H, J=14.8, 10.4 Hz, 31), 1.88 (t, 
2H, J=6.8 Hz, 35), 1.69 (t, 2H, J=6.4 Hz, 22), 1.63 (m, 2H, 21), 1.36 (m, 6H, 36, 20-19), 1.21 (m, 
48H, 44-37, 18-3), 0.89 (m, 9H, 45, 2-1) N.B.: The spectrum above is for the anti-isomers (at 28 and 
30). There is also a small amount of syn-isomer present, for which a similar spectrum is visible.  
MALDI-TOF: m/z 735 (strong), 961 (strong), 1458 (weak) g mol
-1
.  
FT-IR: 2916, 2849, 1742, 1616, 1509, 1471, 1382, 1269, 1171, 1115, 1020, 806, 716, 534 cm
-1
. 
Scheme 4. 
Compound (P1-click-9a). Polymer P1 (20 µmol of 
monomeric repeating unit, 5.0 mg) and compound 9a (20 
µmol, 21.2 mg) were separately dissolved in 7.5 mL 
THF. After degassing by bubbling argon through the 
solutions for 1 hour, the solutions were combined. In 
parallel, 10 mL THF is degassed in an identical way, 
before adding PMDETA (28 µmol, 5.0 mg), stirring, adding CuBr (14 µmol, 2.0 mg) and stirring 
again. 2.5 mL of this catalyst solution is then added to the reaction mixture, and stirred for 48 h under 
argon atmosphere. This yields brown flakes, which were isolated by careful filtration and analysed by 
IR-spectroscopy. The solvent contains a small amount of non-functionalized P1. Conversion as 
calculated from ATR-IR-spectra is 45 %.  
FT-IR: 2922, 2840, 2094, 1738, 1688, 1638, 1611, 1532, 1511, 1460, 1360, 
1258, 1161, 1023, 803, 526 cm
-1
. 
Tris-(tert-butyltriazolylmethyl)amine (TTTA). Tripropargylamine (15 
mmol, 2.0 g) was dissolved in 25 mL dry MeCN. Then, benzylazide (67 
mmol, 9.0 g), 2,6-lutidine (15 mmol, 1.6 g) and Cu(MeCN)4PF6 (1.0 mmol, 
0.38 g) were added to the reaction mixture while stirring. Upon addition of the 
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copper salt, the reaction mixture heated and was cooled on an ice bath. The reaction mixture was 
stirred at r.t. for 72 h under argon, during which a white precipitate formed. These crystals were 
filtered off, washed with cold MeCN and dried in vacuo. Yield of TTTA was 5.40 g (84 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.62 (s, 3H, 2), 3.65 (s, 3H, 1), 1.35 (s, 27H, 3). 
Tris-(benzyltriazolylmethyl)amine (TBTA). First, benzylazide was 
synthesized as reported elsewhere.
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 Tripropargylamine (30 mmol, 4.0 g) 
was dissolved in 50 mL dry MeCN. Then, benzylazide (135 mmol, 18.0 
g), 2,6-lutidine (30 mmol, 3.2 g) and Cu(MeCN)4PF6 (2.0 mmol, 0.75 g) 
were added to the reaction mixture while stirring. Upon addition of the 
copper salt, the reaction mixture heated and was cooled on an ice bath. 
The reaction mixture was stirred at r.t. for 72 h under argon, during which 
a white precipitate formed. These crystals were filtered off and washed with cold MeCN. TBTA was 
then recrystallized from hot 1 : 1 water:tert-butanol mixture, followed by filtration and two washes 
with water. After drying on high vacuum, the yield of TBTA was 13.85 g (87 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.65 (s, 3H, 2), 7.34 (m, 9H, 5), 7.25 (m, 6H, 4), 5.50 (s, 6H, 3), 
3.70 (s, 3H, 1).  
LC-MS (ESI): m/z 531.4 [(TBTA)+H
+
], 1061.1 [2*(TBTA)+H
+
] g mol
-1
. 
Compounds P2-9a and P2-9b. P2 (12 umol of 
monomeric repeating unit, 4.4 mg) and compound 
(9a) (24 umol, 25.5 mg) were separately dissolved in 
10 mL DCM. After degassing by three freeze-pump-
thaw cycles, the solutions were combined. In parallel, 
10 mL DCM is degassed in an identical way, before adding TBTA (0.24 mmol, 127 mg), stirring, 
adding CuI (0.24 mmol, 45.7 mg) and stirring again. 1.0 mL of this catalyst solution is then added to 
the reaction mixture, and stirred for 4d under Ar atmosphere. Conversion is then calculated from the 
change in the azide peak in the IR-spectrum, for this reaction the conversion was 71 %. Note: The 
above procedure describes reaction P2-9a. The “click” reaction of P2 and 9b was performed using the 
same procedure, but different amounts of materials. IR-spectra do not differ unexpectedly between 
different experiments.  
FT-IR: 2921, 2850, 2094, 1740, 1652, 1603, 1540, 1510, 1459, 1248, 1154, 808, 526 cm
-1
. 
Compound (P2-click-9c, 1:5000). Polymer P2 (24 umol 
of monomeric repeating unit, 8.9 mg) and compound 9c 
(48 µmol, 68.6 mg) were separately dissolved in 20 mL 
DCM. After degassing by three freeze-pump-thaw 
cycles, the solutions were combined. In parallel, 10 mL 
DCM is degassed in an identical way, before adding TBTA (0.24 mmol, 127 mg), stirring, adding CuI 
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(0.24 mmol, 45.7 mg) and stirring again. 2.0 mL of this catalyst solution is then added to the reaction 
mixture, and stirred for 4 days under argon atmosphere. Conversion is then calculated from the change 
in the azide peak in the IR-spectrum, for this reaction the conversion was quantitative. Afterwards, the 
functionalized polymer was separated from any unreacted 9c by SEC in DCM. This gave three bands, 
the first of which showed P2-click-9c peaks in IR, the second was plain 9c, and the third was plain 
C60. 
Solid state 
13
C-NMR (75 MHz, CDCl3, ppm): δ 172.48, 153.20, 145.62, 136.43, 128.79, 109.01, 
73.55, 69.02, 50.92, 32.73, 30.52, 26.95, 23.48, 14.85.  
FT-IR: 2928, 2855, 1735, 1679, 1649, 1595, 1532, 1499, 1449, 1427, 1321, 1252, 1201, 1120, 1053, 
1044, 845, 718, 691, 526 cm
-1
. 
Compound P2-click-9d. Polyisocyanide P2 (0.0061 
g; 0.0167 mmol) and 9d (0.1431 g; 0.09903 mmol) 
were dissolved in dry CHCl3 (10 ml). The mixture was 
degassed by three freeze-pump-thaw cycles. Copper 
(I) bromine and PMDETA (0.1 ml) was added 
subsequently under argon atmosphere. After seven days the reaction mixture was quenched with 1 M 
NH4Cl. The NH4Cl / water layer was separated from the CHCl3 layer in a separation funnel. The 
CHCl3 solution was washed with water (2 x 20 ml) and dried afterwards with Na2SO4. The mixture 
concentrated by evaporating solvent. The polymers stayed soluble and did not precipitate out of 
solution. Bio-bead column (dry CHCl3) was used to get rid of the non-reacted polyisocyanide which 
was still present in the mixture. 
FT-IR: 3311, 2922, 2851, 1738, 1604, 1462 cm
-1
.  
3. Determination of HOMO-LUMO levels from cyclic voltammetry results 
HOMO and LUMO energy values of the compounds can be calculated with formula 1 and 2.  
         [ (       
             )      ]       (1) 
        [ (      
             )      ]       (2) 
The onset values of Eox and Ered, which are measured 
against the silver reference electrode, are corrected 
against ferrocene, which is used as an external 
standard, as recommended by IUPAC.
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 The location of 
an onset value is depicted in Figure 19. Than these 
energy values are corrected with 4.8 eV, based on the 
tabulated value for ferrocene with respect to zero 
vacuum level. Note that e is one when the unity of the 
 
Figure 19. Typical reversible electrochemical 
response, measured with cyclic voltammetry. 
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energy levels is in eV. When CV data are referenced vs. ferrocene immediately, these formulas 
collapse to formula (3) and (4). 
         [             
          ]      (3) 
        [            
          ]       (4) 
The potential difference                        can be used to estimate the electrochemical 
band gap of the material.
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4. AFM pictures of PICs 
 
  
Figure 20. AFM images of N3-PIC, polymerized 
using monomer to catalyst ratio of 1:500. 
Figure 21. AFM images of N3-PIC, polymerized 
using monomer to catalyst ratio of 1:1000. 
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5. Preparation of inverted organic solar cell devices 
   Inverted photovoltaic devices were prepared similar to the procedure described for the P3HT-C60-
DPM-P3HT triads in Chapter 1.  
For preparation of the devices with C60-PIC polymers (P2-9c and P2-9d), 10 or 20 % of the polymer 
was added to the mixture of PCBM:P3HT. 
6. Powder XRD data and calculations 
The intensity of the peaks is the peak height intensity above the background. Relative intensity is 
calculated as the ratio of the peak intensity (I) to that of the most intensive peak (I1): 
                    
 
  1)
     
   According to Bragg’s law: 
nλ = 2dhkl sinθ 
where n is the integer, determined by the order given, λ is the wavelength of the X-rays used. In our 
case, monochromatic Cu radiation Kα was used with the wavelength of 1.5406 Å. Angle θ, derived 
from the diffraction pattern (in degrees), is recalculated (in radians): 
  
       
   
   
Compound name Peaks 2θ Relative intensity Corresponding d spacing 
9d 3.24 81.5 27.22 
19.86 100 4.47 
Figure 22. AFM images of N3-PIC, polymerized using monomer to catalyst ratio of 1:50 000. 
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46.80 41.6 1.94 
P2-9d 4.7985 100 18.40 
18.0218 82.8 4.92 
47.14 58.4 1.93 
 
Compound name Peaks 2θ Intensity Relative 
intensity 
Corresponding d 
spacing 
P2 4.0455 4141 87.5 21.82 
20.326 5990 100 4.37 
21.4531 547 96.01 4.14 
29.5349 463 42.3 3.02 
39.5871 485 35.7 2.27 
47.6689 350 30.9 1.91 
9c 2.41745 22 012 100 36.52 
8.1198 378 24.5 10.88 
9.44728 349 21.5 9.35 
13.1626 259 15.6 6.72 
19.7666 5129 31.8 4.49 
20.877 423 26.6 4.25 
22.6136 397 17.3 3.93 
23.9327 209 12.5 3.72 
24.5923 245 12.1 3.62 
46.9342 368 6.1 1.93 
P2-9c 8.4037 1153 37.5 10.51 
9.66435 8255 75.7 9.14 
10.7915 1164 35.6 8.19 
11.8017 415 30.7 7.49 
13.6719 8389 74.8 6.47 
14.5402 1200 37.5 6.09 
15.3083 841 37.4 5.78 
16.043 3461 58.8 5.52 
16.761 6713 76.1 5.29 
18.0968 6477 85.8 4.9 
19.3575 5315 86.8 4.58 
19.967 7301 100 4.44 
20.5431 3170 72.9 4.32 
21.6869 4110 70.6 4.09 
22.2296 4368 69.5 4 
22.7472 1464 48.1 3.91 
23.8075 997 37.7 3.73 
24.7593 11 592 93.9 3.59 
25.2101 2340 39.9 3.53 
26.1536 2041 36.8 3.40 
26.5961 1938 35.6 3.35 
27.4978 1200 30.9 3.24 
27.9319 919 28.1 3.19 
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28.8085 1524 31.9 3.1 
29.1759 810 27.8 3.06 
30.0275 2708 37 2.97 
31.2214 2206 33.5 2.86 
32.7409 2152 31.5 2.73 
33.843 766 22.9 2.64 
35.9553 1631 26.7 2.5 
36.6148 1717 27 2.45 
38.6019 789 20.2 2.33 
39.5871 851 20.1 2.27 
39.8626 796 20 2.26 
41.7411 681 18.9 2.16 
42.4007 916 20.5 2.13 
42.935 573 18.5 2.10 
43.628 465 17.6 2.07 
45.2811 309 17.4 2 
45.8154 441 18.4 1.98 
46.6753 485 17.9 1.94 
48.0112 362 16.8 1.89 
49.1466 502 17.2 1.85 
9c + 
CuBr+PMDETA 
8.40 1199 9.6 10.52 
9.73 1599 12.8 9.09 
13.70 12495 100 6.46 
14.10 7705 61.7 6.28 
14.36 4306 34.5 6.16 
16.13 12026 96.2 5.49 
16.48 4240 33.9 5.37 
16.82 3802 30.4 5.27 
17.70 10473 83.8 5.01 
19.52 2635 21.1 4.54 
19.89 10541 84.4 4.46 
21.19 4040 32.3 4.19 
21.54 1940 15.5 4.12 
21.91 3284 26.3 4.05 
22.43 3142 25.1 3.96 
23.83 3959 31.7 3.73 
24.38 547 4.4 3.65 
25.34 8041 64.4 3.51 
25.56 4576 36.6 3.48 
25.79 1433 11.5 3.45 
25.96 820 6.6 3.43 
26.30 522 4.2 3.39 
26.67 436 3.5 3.34 
27.58 7261 58.1 3.23 
28.17 139 1.1 3.17 
28.40 1757 14.1 3.14 
28.81 1826 14.6 3.10 
29.31 2131 17.1 3.04 
29.50 4035 32.3 3.03 
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29.79 988 7.9 3.00 
30.00 1479 11.8 2.98 
30.37 2387 19.1 2.94 
30.88 276 2.2 2.89 
31.22 409 3.3 2.86 
31.40 179 1.4 2.85 
31.72 123 0.98 2.82 
32.14 1682 13.5 2.78 
32.35 2339 18.7 2.77 
32.60 3595 28.8 2.74 
32.96 1366 10.9 2.72 
33.31 2250 18.0 2.69 
34.00 1972 15.8 2.63 
34.44 730 5.8 2.60 
34.96 1582 12.7 2.56 
35.19 736 5.9 2.55 
35.50 539 4.3 2.52 
35.80 1836 14.7 2.51 
36.35 897 7.2 2.47 
36.75 1745 14.0 2.44 
37.96 1879 15.0 2.37 
38.35 460 3.7 2.34 
38.73 393 3.1 2.32 
39.29 779 6.2 2.29 
39.63 680 5.4 2.27 
40.41 310 2.5 2.23 
40.60 441 3.5 2.22 
40.82 1025 8.2 2.21 
41.36 1260 10.1 2.18 
41.90 1342 10.7 2.15 
42.68 3025 24.2 2.12 
42.87 1086 8.7 2.11 
43.10 2538 20.3 2.10 
43.67 282 2.3 2.08 
 43.94 549 4.4 2.06 
44.11 405 3.2 2.05 
44.52 406 3.3 2.03 
44.76 379 3.0 2.02 
45.12 1551 12.4 2.01 
45.79 2291 18.3 1.98 
46.18 1080 8.6 1.96 
46.37 942 7.5 1.96 
46.60 686 5.5 1.95 
47.45 250 2.0 1.91 
47.79 629 5.0 1.90 
48.41 389 3.1 1.88 
48.75 793 6.3 1.87 
49.52 821 6.6 1.84 
49.74 988 7.9 1.83 
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Building rigid-rod structures of PEDOT from 
helical EDOT-PIC 
 
 
 
 
 
 
 
 
 
You can learn many things from children. How much patience you have, for instance… 
Franklin Pierce Jones 
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6 Building rigid-rod structures of PEDOT from helical EDOT-PIC 
ABSTRACT: Indium tin oxide (ITO) is a frequently used electrode in organic photovoltaic (OPV) devices, but 
its flexibility properties are highly limited. In a search for flexible electrodes, poly(3-ethylenedioxythiophene) 
(PEDOT) can be a promising alternative, but it still lacks high conductivity due to non-ordered structure. In this 
chapter we present a novel method for the formation of PEDOT nanoassemblies by using the covalent 
attachment of EDOT groups to the rigid helical polyisocyanopeptide (PIC) polymer and the adjacent 
polymerisation of EDOT groups inside the polymer chain. We successfully synthesised EDOT-PIC, polymerised 
EDOT groups using chemical oxidation and electrochemistry. Those methods, however, gave only 
intermolecular polymerisation, and a high molecular order of PEDOTs was not achieved. The formation of the 
intramolecularly bound PEDOT-PIC rods using conducting atomic field microscopy (cAFM) appeared to be 
troublesome, only giving dimers or trimers of EDOT species, as it was later confirmed using molecular 
modelling. In search of PEDOT rod formation, electrospinning was investigated. 
6.1 Introduction 
Nano-assemblies of conducting polymers are recognized as one of the prime factors for a functionality 
of the organic photovoltaic devices.
1–5
 They provide materials with a high volume-to-surface ratio and 
allows a rapid diffusion of electrons in and out of the material.
6
 Common organic photovoltaic devices 
consist of a) two hard electrodes, b) an active layer of electron donor and acceptor materials and c) 
contact layers between the electrodes and an active layer. For optoelectronic devices, at least one of 
the electrodes should be transparent. In the flexible devices, indium tin oxide (ITO) is still used, but its 
mechanical flexibility is, however, limited.
7,8
 One of the most promising alternative for ITO is poly(3-
ethylenedioxythiophene) (PEDOT). Currently PEDOT, in a combination with poly(styrenesulfonate) 
(PSS), is widely used in organic photovoltaic (OPV) devices as a hole injection layer due to its high 
conductivity, high degree of visible light transmissivity and environmental stability.
9,10
 Research in 
recent years has proven that this material is a relatively good electrode.
11–14
 However, the preparation 
of the highly conductive PEDOT electrode from the water dispersion is challenging due to the 
hygroscopic nature of the material, the extreme acidity of the dispersion (pH ~ 1-2) and the lack of the 
morphological control.
15,16
 The first two drawbacks can be overcome by the solvent post-treatment and 
post-annealing,
17,18
 whereas the reproducibility of the morphologies still remains a problem. The work 
function of any electrode surface is strongly affected by its morphology; as a consequence, the 
presence of the small amounts of the contamination can change the work function.
19
 
   The nano-assembled PEDOT thin film structures may bring higher conductivity properties and thus 
improve performance of the transparent electrode for the flexible OPV devices. There are various 
approaches to obtain nano-assemblies of the conducting PEDOT polymer by using templates (hard or 
soft) or template-free methods.
20–29
 Here we report a novel, but not trivial method for the formation of 
PEDOT nanorods – the covalent attachment of EDOT to the rigid, helical polyisocyanopeptide (PIC) 
chain and the adjacent polymerization of EDOT groups inside the rigid-rod polymer. In this Chapter, 
the synthesis of EDOT groups-carrying PIC, and the successful polymerisation of those polymers 
using electrochemistry or chemical oxidation is presented. Attempts to form single PEDOT nanorods 
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using conducting AFM or electrospinning and the theoretical calculations of this polymer, reveal the 
potential for PEDOT-rod formation. 
6.2 Synthesis and characterisation of EDOT-PIC polymer 
PICs, as a versatile helical template for functional materials have been intensively studied by our 
group
30–33
 and the group of Yashima.
34,35
 PIC polymers were already introduced and more background 
information can be found in Chapter 2. For the design of a new polyisocyanide with EDOT functional 
group, the corresponding PIC with the thiophene, designed and reported by our group earlier was used 
as a guide.
36,37
 The synthesis of EDOT-PIC is shown in Scheme 1.  
     2-Chloromethylene EDOT (1) was synthesized from dimethoxythiophene and 3-chloro-1,2-
propanediol by acid-ca-talysed trans etherification reaction.
38–41
 The nucleophilic substitution with 
sodium azide gave 2-azidomethylene EDOT (2).
42,43
 2-aminomethylene EDOT (3) was easily 
synthesized by refluxing compound 2 with triphenylphosphine.
44
 The coupling of Boc-L-Ala-OH to 
 
Scheme 1. Synthesis of EDOT-PIC polymer, used for the formation of PEDOT nano-rods. Reaction conditions: i) p-
toluene sulfonic acid monohydrate, toluene, 90 °C, 18 h, y.70%; ii) NaN3, DMF, 120 °C, 2 h, y.80%; iii) 
triphenylphosphine, NaOH, THF, y.76 %; iv) L-Ala-Boc, DIPEA, HOBt, EDC HCl, r.t., 24 h, y.55 %; v) HC sat. EtOAc, 
r.t., 1 h; vi) ethyl formate, sodium formate, reflux, y.60 %; vii) N-methyl morpholine, diphosgene, DCM, -30 °C, y.80 %; 
viii) (tetrakis(tert-Bu)-IC)-nickel ClO4, CHCl3, EtOH / MeOH, r.t., 1 h, y.58 %. 
Figure 1. Tetrakis (tert-butyl) isocyanide (II) perchlorate catalyst, used for the polymerisation of EDOT-IC molecule (7). 
2+ 
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compound 3 gave a Boc-protected EDOT methane amine (4) in a moderate yield (55%). The Boc-
protecting group from this new compound was removed with an HCl-saturated ethyl acetate and the 
resulting amine salt 5 was refluxed with sodium formate in ethyl formate to give the formamide 6 in a 
yield of 80%. The isocyanide monomer 7 was obtained by dehydration of formamide 6 with 
diphosgene and N-methylmorpholine at about -30 °C in dichloromethane. A relatively high yield of 
the monomer was obtained (80%), however, the material was very unstable and degradation occurred 
in few hours. To prevent the material from the degradation, it was immediately subjected to the 
polymerization. The freshly prepared solution of tetrakis(tert-butyl isocyanide)(II) perchlorate 
(structure is depicted in Figure 1) in MeOH/EtOH solution (1:1) was used as a catalyst, which has 
proven to be a very efficient catalytic system for the formation of long, rigid PICs.
45,37
 The polymer 
length in this system is primarily determined by the catalyst-to-monomer ratio. Polymers with an 
average length of at least 500 nm were desired; therefore a catalyst-to-monomer ratio of 1:1000 was 
used. Usually, the polymerisation reaction of isocyanides is followed by the thin-layer-
chromatography (TLC) and/or infrared spectroscopy (FT-IR). In most of the cases, colour change and 
the changes in viscosity of the solution are primary signs of the successful polymerisation reaction. 
However, the resultant polymer appeared to be non-soluble in the reaction media (dichloromethane 
and a small amount of alcohols) and precipitated out of the solution. After extensive solubility studies, 
the only common solvent found which could dissolve this polymer appeared to be tetrahydrofuran. 
Refluxing the polymer in dimethylformamide (DMF) dissolved the polymer as well, but the partial 
degradation of the polymer occurred. The solubility of the polymer in tetrahydrofuran was less than 10 
mg mL
-1
. The poor solubility made the routine characterization of the polymer very difficult, but we 
could easily use the surface characterisation techniques (atomic force microscopy, cyclic 
voltammetry), which are performed in low concentrations.  
   One of the routine techniques used to detect the presence of a helical superstructure is circular 
dichroism.
46
 For those measurements, we prepared a 10
-4
 M THF solution. The measured CD spectrum 
is shown in Figure 2. The negative cotton effect at 286.5 nm originates from the π – π* transitions of 
the helically arranged imine groups in the polymer backbone.
47
 The handedness of the polymer cannot 
be determined, as it is highly dependent on the solvent used.
48
  
   The formation of the helical EDOT-PIC polymer was also confirmed using IR spectroscopy. Upon 
polymerisation, the isocyanide absorption (at 2142 cm
-1
) disappeared, showing the consumption of the 
monomer. The shift of the amide stretching vibration from υ = 1677 cm-1 to 1642 cm-1 shows the 
formation of a hydrogen bonding network. Both IR spectra are shown in Figure 3. 
   AFM studies were carried out to determine the molecular properties of EDOT-PIC polymer and to 
determine the number average molecular weight. AFM studies revealed the formation of long (up to 1 
μm) polymers (Figure 4). The first two pictures (4 a-b) are spin-coated from 10-4 M solution and the 
third (4c) from 10
-6
 M THF solutions. From the AFM pictures, the measured average height of the 
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fibres is 0.995 nm ± 0.144 nm and width of 17.77 nm ± 2.66 nm. Analysis of several AFM images 
resulted in a Mn of 1 003.5 kg mol
-1
.It should be noted that the real MW could be different, since 
polymers that are crossing or touching each other are excluded. GPC or MALDI-TOF could not be 
used to determine the molecular weight of rigid due to low solubility of the PICs. The whole MW 
calculation method is explained in the Experimental part. 
   Having EDOT-PIC in hand, we started building rigid rod structures of PEDOT polymer. Our 
attempts to build helical PEDOT polymers are explained in the next paragraph. 
Figure 2. The circular dichroism (CD) spectrum of EDOT-IC (7), showing the helical nature of the polymer. 
ε 
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Figure 3. Comparison of the infrared spectra of a) EDOT-IC monomer and b) its polymer. The disappearance of the 
isocyanide peak (2141 cm-1 and broadening of the NH stretching (~ 3300 cm-1) confirms the formation of EDOT-PIC 
polymer. 
a
) 
b
) 
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6.3 Intramolecular polymerisation approaches 
The main methods, usually used to polymerize EDOT into PEDOT polymer are chemical oxidation 
(using FeCl3 as an oxidant)
49,21
 and electrochemistry (cyclic voltammetry).
50,40
 Both methods, 
however, could yield the intermolecular (between several PIC chains) polymerisation together with 
intramolecular (within one PIC chain) one. The intermolecularly polymerized PEDOT does not 
leading to the rigid, helical PEDOT nanowires, which was the goal for. For the formation of 
intramolecularly polymerized PEDOT rods from EDOT-PIC conducting atomic force microscopy 
(cAFM) was chosen, which was developed by the group of Samori for the graphene patterning.
51
  
a) 
a) 
b) 
a) 
c) 
a) 
Figure 4. AFM images of EDOT-PIC polymer. a) and b) are spin coated from 10-4 M solution, whereas c) – from 
10-6 M. From c, MW was calculated to be more than 1000 kg mol
-1. 
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Chemical oxidation method. In order to prove the formation of the PEDOT polymer from helical 
structure of EDOT-PIC, the chemical oxidation method was used. The polymerization of thiophenes, 
using ferric chloride, was first time reported by Yoshino in 1984.
52
 The overall reaction of EDOT to in 
situ PEDOT is roughly parallel to the oxidation polymerisation mechanism of the alkylthiophenes.
53
 
Detailed studies of the reaction mechanism and kinetics were done by Kirchmeyer
10
 and are depicted 
in Figure 5. The reaction starts with the slowest step – EDOT oxidation to the radical cation – 
followed by the dimerization of the free radicals. The oxidation of dimeric species is more favourable 
than that of the monomeric species. As a consequence, oxidation polymerisation is fast and leads to 
the high MW polymers. Finally, formed oligomers or polymers are doped by the excess of the oxidant 
(FeCl3). This state is stabilized by the charge balancing counter ion (Cl
-
). X-ray structures of doped 
PEDOT have been reported
54–56
 and showed stacked PEDOT chains with the counter ions incorporated 
between the π-stacks. The distance between the stacked layers depends on the counter ion size. 
In our case, the oxidation polymerisation of bulky EDOT-PIC species is even more complicated, as 
the peptide group, incorporated into the polymer chain, can also interact with the strong Lewis acid. It 
has been reported earlier
57–60
 that M
+
 substitutes the proton of the amide group in the peptide. For the 
oxidation polymerisation, a 0.2 g L
-1
 EDOT-PIC solution in tetrahydrofuran was prepared. After 
complete dissolution of the polymer, 5 eq of iron trichloride were added. The reaction was stirred for 4 
days. A solid material precipitated from the solution, indicating the formation of an insoluble species. 
After prudent solubility tests, it was found that the polymer was soluble only in hot DMF. The IR 
spectrum of the EDOT-PIC was compared with that of the material, obtained after the oxidation 
reaction with FeCl3. Large differences were obtained in the fingerprint region (between 400 and 1800 
cm
-1
); the spectra are shown in Figure 6. The main differences are highlighted with the arrows. The 
disappearance of the sharp peaks at 1600 – 1800 cm-1 region can be attributed to the changes in NH 
and C=C groups, whereas the shift of the peak from 798 to 841 cm
-1
 
 
is the main definition of the 
change in C-S bond. The sharp peak at 1259 cm
-1
 corresponds to ethylenedioxy group of EDOT, 
which changes the intensity after the reaction with FeCl3. The decrease of the signal can be attributed 
Figure 5. Reaction kinetics of the formation of PEDOT by chemical oxidation. After EDOT oxidation by Fe3+, the 
radical cation is formed. Two radical cations prefer to form a neutral molecule, which leads to the dimer formation. 
Dimeric species are more favourably oxidized and this process leads to the formation of long PEDOT polymer, doped 
with the excess of the oxidant. 
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to the partial incorporation of EDOT groups in oligo species. All the changes are recorded at Table 1. 
As there were no difference in the spectrum between 3500 and 1800 cm
-1
, it is not shown here.  
 Polymer Signal, cm
-1 
Corresponding group 
EDOT-PIC after the 
treatment with FeCl3 
1655.36 C=N 
 1531.48 CONH 
 767.86 C-S 
EDOT-PIC  1773.59 CO 
 1726.72 CO 
 1667.12 C=N 
 1645.94 CONH 
 1259.55 C-O-C (ethylenedioxy) 
 798.05 C-S 
 EDOT-PIC after the reaction with FeCl3 
EDOT-PIC 
Figure 6. Comparison of FT-IR spectra of EDOT-PIC polymer before and after FeCl3 treatment. The main structure 
differences are highlighted with the arrows. 
Table 1. The main differences in FT-IR signals of EDOT-PIC polymer before and after the treatment with FeCl3. 
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   In collaboration with our partners in ISIS Strasbourg, France (group of prof. Paolo Samori), the 
conductivity of the FeCl3 oxidized PEDOT-PIC was measured. Two different approaches were taken 
for the sample preparation. One of the samples was prepared by suspending the material in THF, 
another one – by dissolving it in hot dimethyl formamide. Devices were fabricated by employing gold 
electrodes in bottom and top electrode configurations. The morphology of the deposited films, 
measured by AFM, showed thick networks of fibres (Figure 7). No comparison between the 
morphologies of FeCl3 oxidized EDOT-PIC with that of pristine EDOT-PIC (Figure 4) could be done 
due to different solubility and concentration. The biases sweeps, ranging from -1.1 V to -10.10 V were 
applied between two electrodes; however, no current was detected for all the tested devices. One of 
the possible explanations could be the fact that only small oligomeric species of PEDOT are formed. 
Due to intermolecular polymerisation, the polymer precipitated out of the solution, but did not give the 
highly conjugated PEDOT polymer and therefore no current was detected in the material. Another 
explanation is that the material is destroyed while boiling it in the hot DMF. However, none of those 
hypotheses could be checked, as the material is completely insoluble in any other solvents. The 
insolubility of the material can also be due to the incorporation of the iron species in the polymer 
chain. The infrared spectroscopy clearly showed some differences in the polymer backbone, however, 
it is difficult to draw structural conclusions from these experiments. The most likely scenario, 
however, is the formation of intermolecularly linked EDOT dimers. After the formation of the dimers, 
MW of the polymer is doubled, therefore it is possible that polymer precipitates out of the solution. 
Nevertheless, EDOT dimers do not show conductivity due to too low conjugation. 
   Chemical oxidation could also link EDOT groups together into dimeric or oligomeric species and 
was also investigated as a starting point to build intramolecularly linked rigid rods of PEDOT. 
Intramolecular polymerisation of EDOT-PIC to PEDOT chain, using cAFM. For the 
intramolecular polymerization of EDOT-PIC to PEDOT-PIC conducting AFM (cAFM) was used. 
Figure 7. The morphology of a thin film of EDOT-PIC polymer after treatment with FeCl3. 
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This method was developed by our partners in Strasbourg and has been used to pattern electrically 
insulating graphene oxide with micrometer scale conductive regions.
51
 For the first approaches, we 
chose to use conducting highly ordered pyrolitic graphite (HOPG) surface. Contact mode AFM was 
chosen to enlarge the probability of homogeneous PEDOT formation along the fibre. The material was 
deposited on the HOPG surface by spin-coating 10
-6 
M THF solution. A conducting platinum/iridium 
(Pt/Ir) tip was used to apply a bias. A schematic drawing of the employed setup and the scanning 
results are shown in Figure 8. The dark contrast in the current maps with respect to the bright one of 
the HOPG surface showed insulating nature of EDOT-PIC. Non-conducting nature of EDOT-PIC was 
expected due to no conjugation of EDOT groups. Unexpectedly, different trace and retrace scans 
revealed that fibres do not adhere to the HOPG surface and are moved by the tip. To avoid polymer 
a) b) 
Figure 8. a) Morphology and current measurements of EDOT-PIC polymer with the bottom-electrode configuration 
cAFM technique (b). The HOPG substrate and Pt/Ir tip were used as electrodes. The change in the trace and retrace 
measurements showed the non-stability of the fibres on the HOPG surface. 
Figure 9. a)Morphology measurements of the EDOT-PIC polymer, using top-electrode configuration cAFM technique 
(b). A gold electrode was thermally evaporated on one end of the polymeric fibre. The fibre was scanned while applying 
the voltage in the direction of the arrow.  
 a) b) 
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movement, a horizontal configuration approach was studied. The material was spin coated on a SiO2 
surface and at one end of the fibre a gold electrode was thermally evaporated. Again contact AFM was 
used to measure the conductivity of the fibre. Voltages (1 – 10 V) were applied between the 
conducting tip and gold electrode while scanning along the fibre. After several scans, no current was 
detected in the fibres. The fibres, however, were easily scratched by the contact with the tip, even 
when no bias was applied. The schematic drawing of the used setup and the scanning results are 
shown in Figure 9. As for neither the top-down nor horizontal approaches the fibres could be 
polymerized, a macroscopic approach was also investigated. Fibres were deposited on a SiO2 surface, 
patterned with gold electrodes. Bias field was applied (1 – 5 V) between both electrodes, whilst 
imaging the individual fibres. Several conditions were studied: in air (dry fibres), in acetonitrile 
 
c) a) 
b) 
d) 
Figure 10. The macroscopic cAFM experiments of EDOT-PIC. Fibres were deposited on a gold-patterned SiO2 surface. 
Bias application experiments were tried a) in air, b) bad solvent without and c-d) with an electrolyte (electrolyte crystals 
were removed before the conductivity measurements). 
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solution (bad solvent for EDOT-PIC) and in acetonitrile/tetrabutylammonium hexafluorophosphate 
(TBAHF6) solution (TBAHF6 was used as an electrolyte). Scanned AFM data in all three conditions 
are given in Figure 10. After application of various bias fields, no modification of the fibre 
morphology was detected and none of the samples showed any conductivity. 
   In conclusion, the polymerisation of EDOT-PIC into helical PEDOT nanowires, using the c-AFM 
method appeared to be very difficult. The main problem lies in the stability of the EDOT-PIC fibres 
under the contact with the tip. In contrast to very stable graphene oxide, which can be patterned using 
cAFM, EDOT-PIC is mechanically not stable. As the use of cAFM to build single PEDOT-PIC 
appeared to be troublesome, we decided to perform theoretical calculations, which would yield the 
structure and stability of the nanowires and may give directions for alternative polymerisation 
approaches. The results are given and explained in the next paragraph. 
6.4 Molecular modelling of EDOT-PIC 
Theoretical calculations were performed at the University of Mons (Belgium), in the group of prof. 
Lazzaroni, under the supervision of Dr. Brockorens. The theoretical modelling of EDOT-PIC was 
done using Accelrys Materials Studio software. As an initial structure, the most stable conformer of 
methyl-substituted L-alanine PIC was taken, which was reported previously.
32
 This methyl-substituted 
L-alanine PIC structure, consisting of 60 monomer units, incorporated into a polymer chain, has an 
average angle of 21.3° between two units, almost 4 isocyanide monomer units per turn (3.76) and a 
pitch length of 67.8 Å. The distance between the C1 and C5 atoms in the PIC chain is 4.5 Å. One of the 
hydrogen atoms in the methyl group was manually exchanged into EDOT, which gave the molecular 
structure of EDOT-PIC. The geometry optimization of the structure was performed, yielding a local 
minimum on the potential energy surface. Starting from the local minimum, molecular dynamics 
(MD) simulations were conducted, keeping the longitudinal y axis within periodic boundary 
conditions, but allowing free rotation of the molecule within x and z axis. The cell parameters were 
100 – 67.03 – 100 Å. As expected, EDOT groups, having lots of free space, were freely moving. 
Seven structures were chosen that highly differ from each other by preliminary energy values and 
configurations. The geometry of the structures was optimized. Even though the energy values of those 
seven structures were different, geometry optimization led to very similar structures. The energies of 
all optimized structures are given in Experimental part. The lowest energy structure was again 
subjected to MD simulations, now without periodic boundary conditions. After thorough investigation 
of several MD structures, a structure with the lowest energy value was chosen. The optimized 
minimum structure is shown in Figure 11. In order to see a clearer structure, the hydrogen atoms are 
not displayed. EDOT groups make a helical twist, together with the PIC main chain. The C1 – C5 
distance in this structure of EDOT-PIC remained the same as in methylene-substituted precursor. The 
observation that bulky functional groups do not significantly change the helical structure of PIC was 
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already shown for perylene and porphyrin-substituted PICs.
32,33
 Hydrogen bonding in the helical 
structure lowered the energy of the molecule by ~ 200 kcal mol
-1
. The length of the hydrogen bonds in 
EDOT-PIC is graphically displayed in Graph 1. It is homogeneous and centres around 1.90 Å, 
showing that the helical structure of PIC is well defined. In the optimized structure, all the close 
distances between atoms in the molecule were calculated and they are shown in Graph 2. The largest 
bar at 2.5 Å corresponds to the C – C distance in the thiophene ring; all the bars after 7 Å are 
attributed to the distance between further situated atoms and can be neglected. The main interest lies in 
Graph 2. Close distances in the molecular model of 
EDOT-PIC. R = 2.5 corresponds to the C-C distance in 
thiophene, whereas distances from 7-10 shows the 
distances between further laying atoms. 
Graph 1. The distribution of the length of hydrogen 
bonding in EDOT-PIC molecular model, consisting of 
60 monomer units, incorporated in to the polymer chain. 
Figure 11. Optimized molecular structure of EDOT-PIC, consisting of 60 monomer units. The EDOT groups twist in the 
molecule and form a second order helical structure. 
x 
y
z
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the distances, situated between 3.5 and 7 Å. On average, the distance between two EDOT groups is 
about 4.5 Å. Due to the short range electrostatic repulsions between the electrons in two C atoms of 
reactive EDOT group, the smallest distance between two non-bonded atoms is the sum of the van der 
Waals radius of the two atoms. The Van der Waals radius of one C atom is 1.7 Å; therefore the closest 
distance between the non-bound carbon atoms is 1.7 + 1.7 = 3.4 Å.
61
 As such, 4.5 Å distance can be 
considered appropriate for covalent bond formation. Taking into account the energy, which is applied 
using cAFM, even 6 Å distance may be allowed. 
    The molecular modelling results suggested that EDOT groups are in close distances, appropriate for 
the formation of PEDOT rods along the PIC helix. Accordingly, we covalently linked EDOT groups in 
a modelled EDOT-PIC structure. Due to the non-symmetry of EDOT-IC molecule, there are two 
possibilities to link EDOT groups into PEDOT. Both are shown in Figure 12. In a long polymer 
molecule the random binding (mixture of Binding 1 and Binding 2) may appear, but due to the 
computing time limitations, we investigated only the extreme configurations (Binding 1 and Binding 
2). EDOT groups in the molecule were manually linked in two manners, shown in Figure 12 and ran 
geometry optimization cycles without periodic boundary conditions. To ensure a more realistic long 
molecule environment and to decrease the extent of bending of the short molecule, both structures 
were multiplied by factor of 3, building a polymer with 180 EDOT-IC units incorporated into the 
polymer chain. Consequently, two structures were observed, shown in Figure 13, where only the 
middle parts of the whole molecules are displayed. Energy difference between those molecules is 
1484.2 kcal mol
-1
, and Binding 2 has a higher energy value (the whole energy contents are given in 
Experimental part). Both molecules, however, loses the most of the hydrogen bonds in the helical 
structure, which is energetically unfavourable. In the second structure, larger deformations of the 
initial molecular structure were observed. Such changes are high energy demanding, therefore this 
structure cannot be considered realistic. Binding 1 structure has less energy demand and fewer 
deformations; therefore this binding is more favourable in the molecule. The stability of this structure 
 
Binding 1 Binding 2 
Figure 12. Possible binding between two EDOT groups in EDOT-PIC polymer. Binding 2 is more sterically 
hindered and Binding 1 is ideal. 
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was checked by applying MD simulations in an NVT ensemble (i.e. by keeping particle number, 
volume and temperature constant). It appeared to be a very local minimum, which immediately 
changed into a very similar structure as was observed with Binding 2. The modelling studies suggest 
that either with Binding 1 or 2, intramolecular EDOT polymerisation would destabilize the structure. 
 
   The architecture by which PEDOT should be formed in EDOT-PIC was also modelled. Usually, 
antiparallel conformations are energetically more favourable in the formation of PEDOT. In our case, 
all EDOT groups are pointing in the same direction; therefore only parallel conformations (syn-) need 
to be considered. In order to check what is happening with the molecule while binding it in parallel 
and anti-parallel conformations, two structures, consisting of 8 EDOT units with similar side groups as 
in EDOT-IC were drawn. Both optimized structures are displayed in Figure 14. Bending of the 
molecular structure is anticipated while binding EDOTs in the syn conformation, whereas antiparallel 
a) 
b) 
Figure 13. Optimized molecular structures of manually linked PEDOT-PIC. Linking with Binding 1 (a) gave a nice 
helical local minimum, whereas Binding 2 (b) completely destroyed the hydrogen bonding pattern and the helicity of 
the system. 
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conformation gives a planar structure. The difference in bonding angle and the helical turn of the PIC 
backbone can be a major contributor to the reduced stability and the loss of the hydrogen bond pattern.  
   The molecular modelling results indicate that the formation of the oligomers of PEDOT can be 
anticipated, however, this formation changes the distances between the close laying EDOT groups. 
The distances between adjacent oligo-species might be too large and the formation of a whole PEDOT 
polymer in EDOT-PIC is therefore no plausible. 
   Finding that the formation of PEDOT-PIC in one polymer chain is very difficult to achieve, we 
started building intermolecularly bounded PEDOT-PIC using electrochemical polymerisation. 
6.5 Electrochemical polymerization of thin films of EDOT-PIC 
Electrochemical polymerisation, together with the oxidation polymerisation, is one of the main 
methods, used for EDOT polymerisation.
20,62
 Compared with chemical oxidation polymerisation, 
electrochemical methods have certain advantages such as the absence of synthetic reagents, control of 
polymer film thickness through monitoring the current, and it has a short polymerization time.
 
The 
kinetics and chemistry of EDOT electropolymerisation is still under investigation, although there are 
some overall mechanisms that are generally accepted by the scientific community. By applying a 
positive voltage above a monomer dependent threshold, EDOT monomers give up an electron. Two of 
these radical EDOTs can react with each other, forming a dimer, which is the nucleus of the 
corresponding polymer. Figure 15 shows the mechanism for electropolymerization of EDOT. The 
main advantage of electropolymerisation of EDOT instead of the usual alkylthiophene is the lower 
potential threshold, needed for electropolymerisation. The lower oxidation potential originates from 
the electron donating character of the 3,4-ethylenedioxy group.
63,64
 The cation radical intermediates 
are stabilized and allow the electropolymerisation to proceed at low potentials and with a minimum of 
side reactions. 
Figure 14. Optimized structures of a) syn- and b) anti- conformations of EDOT binding. Syn-conformation leads to the 
bending of the structure in order to avoid high steric hindrance, whereas anti-conformations lead to almost planar 
structure (angle of ~160°). 
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   For the electropolymerisation of EDOT-PIC, cyclic voltammetry was used. This potentiodynamic 
electrochemical method is a valuable tool to acquire qualitative information about the electrochemical 
reactions, which are taking place in an electrolytic cell. Since the EDOT-PIC polymer is insoluble in 
usual solvents, used in cyclic voltammetry, it was measured on a surface.. The polymer was 
completely dissolved in THF while stirring for several days. Due to low solubility, only a 7 mg mL
-1
 
solution could be prepared. Even at such low concentration, the polymer gave a highly viscous 
solution. First, the polymer deposited on a Pt electrode in an acetonitrile solution was measured. The 
onset of the polymerization potential was determined to be around 0.7-0.8 V (vs. Fc/Fc
+
) (Figure 16). 
This is considerably lower than for the usual EDOT monomer (1.04 V vs. Fc / Fc
+
). 
20
 An explanation 
might be that attaching EDOT to PIC, places these units closer together, lowering the potential. The 
signal is, however, quite weak and disappears after scanning for 10 min (Figure 16d). In a very thin 
film of EDOT-PIC, deposited on a small Pt electrode surface (3 mm
2
), only short oligo-EDOT species 
can be formed. The instability of the signal may arise from the low stability of oligomeric species. For 
better characterization of the polymer peaks, the signal must be intensified. Drop-casting a higher 
amount of polymer on the electrode did not result in a better signal. Therefore, the measurement was 
conducted on an ITO slide with a larger surface (A = 3 mm
2
 for the Pt electrode vs. ~50 mm
2
 for the 
ITO slide). The CV signal on ITO was much stronger, but also different from the signal on platinum 
electrode. 
   A relatively strong polymerization peak was observed. The onset of the polymerization potential was 
determined to be around 0.7 - 0.9 V (Figure 17) that was nearly the same as for the measurement on 
Pt. In addition, this polymerization peak decreased during several cycles and gave the rise to a 
reversible process around an E1/2 of 0.20 / 0.23 V (Figure 17b). Compared to the measurement on Pt, 
this signal did not decrease after few cycles, but remained stable. This process relates to the creation of 
PEDOT from EDOT-PIC polymer. In the measurement, the PEDOT signal grew to a maximum, 
where the Eanodic and relatively broad Ekathodic slowly grew further apart from 0.29 / 0.10 V up to 0.72 / -
0.27 V. This strong and stable signal allowed us to assign a HOMO energy value of around -4.7 eV. 
The obtained HOMO value is considerably lower than for PEDOT, which may arise from the 
influence of PIC polymer or due to the formation of lower MW oligo-EDOT instead of PEDOT. The 
Figure 15. The mechanism of electropolymerisation of EDOT. 
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fact that this HOMO lies between the HOMO and LUMO of PCBM (and other fullerene acceptors), 
meets the conditions for use in an OPV.  
   In order to check the influence of the PIC polymer to the HOMO value of the electropolymerized 
PEDOT-PIC, electropolymerizations of the polymer precursor EDOT formamide (Scheme 1, 
compound 6) was performed. Analogous to the polymer P1, it was drop-casted on the ITO slide and, 
using the same conditions as for EDOT-PIC, potential was applied. EDOT formamide showed similar 
thiophene-like properties. A relatively strong polymerization peak was observed (Figure 18) with its 
onset of the polymerization determined around 0.9 - 1.1 V. This value is closely comparable to pristine 
PEDOT, which supports the theory that PIC, indeed, influences the polymerization potential of 
EDOT-PIC. In addition, this polymerization peak decreased during several cycles and gave the rise to 
a reversible process (Figure 18b). Also in this measurement the Eanodic and relatively broad Ekathodic 
slowly grew further apart, ranging from 0.01 / 0.00 V up to 0.43 / -0.19 V. This reversible signal 
relates to the creation of PEDOT and the depletion of the EDOT formamide monomer. Compared to 
PEDOT-PIC, the E1/2 was considerably lower and the LUMO value was higher (see Table 2). 
Electrochemical PEDOT formation from the EDOT formamide more closely relates to the formation 
Figure 16. Cyclic voltammograms, performed on EDOT-PIC, deposited on a Pt electrode from THF solution (7 mg mL-
1). Scan rate 0.1 V s-1. a) The first scan, attributing to the start of electropolymerisation reaction. b) and c) Multiple 
electropolymerisation cycles, showing the growth and afterwards – reduce of the PEDOT signal. d) The remaining peak 
after keeping 1.5 V external potential for 10 min.  
 
V (V) vs. Ag / Ag+ 
V (V) vs. Ag / Ag+ 
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V (V) vs. 
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Fc/Fc+ 
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of PEDOT from EDOT monomer, whereas the structure of the PIC changes the electrochemical 
potential, needed for the electropolymerization of EDOT-PIC. Unexpectedly, PEDOT formed from 
the EDOT formamide monomer, appeared to be less stable than that, formed from the PEDOT-PIC. 
After 17 polymerization cycles, the polymer signal reached its maximum (Figure 18b), after which 
the signal completely disappeared in 40 cycles (Figure 18c). 
  
Molecule 
Eonset, red 
(V vs. Fc) 
Eonset, oxid 
(V vs. Fc) 
E1/2, red 
(V vs. Fc) 
LUMO 
level (eV) 
E1/2, oxid 
(V vs. Fc) 
HOMO 
level (eV) 
EDOT-PIC (Pt 
electrode) 
-0.60  -1.51 -4.2   
EDOT-PIC (ITO 
electrode) 
 -0.11   +0.22 -4.69 
EDOT-formamide  -0.35   -0.05 -4.45 
Figure 17. Cyclic voltammograms, performed on EDOT-PIC, deposited on ITO slides from 7 mg mL-1 THF solution. 
Scan rate 0.1 V s-1. a) The first scan, attributing to the start of electropolymerisation reaction. b) Multiple 
electropolymerisation cycles, showing the growth of the PEDOT signal. c) The slow shift of Eanodic and Ecatodic was 
observed during multiple scans. d) The final electropolymerisation peaks, showing the stability of the formed material. 
 
V (V) vs. Fc / Fc+ 
I (
A
) 
V (V) vs. Fc / Fc+ 
I (
A
) 
V (V) vs. Fc / Fc+ 
I (
A
) 
V (V) vs. Fc / Fc+ 
I (
A
) 
b) a) 
c) d) 
Table 2. Cyclic voltammetry results of the EDOT-PIC polymer and its precursor, determined from the voltammograms. 
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   In summary, our cyclic voltammetry results showed that EDOT-PIC can be electropolymerised to 
PEDOT-PIC. This material has properties resembling PEDOT and poly (3-hexylthiophene). The 
HOMO energy value of the material at -4.7 eV was determined, which is considerably lower than 
PEDOT (-4.0), but higher than P3HT (-5.2 eV). The thin films of electro polymerized PEDOT-PIC, 
however, still contains a low PEDOT concentration. Large surface of the thin film of the polymer 
contains insulating PIC moiety. To increase the conducting thiophene content in the thin film of the 
polymer, EDOT or 3-hexyl thiophene (3HT) monomers were introduced in the electrolytic solution. 
The EDOT groups of the EDOT-PIC, drop-casted on ITO slide, can react with EDOT or 3HT 
monomers and preferentially long polymers can be grown from the side chains of the EDOT-PIC. The 
schematic structures are shown in Figure 19.  
   Two approaches were taken. The first one was the polymerisation of the thin film of EDOT-PIC and 
monomer species from the first polymerisation cycle; and in the second one, monomer was added after 
~25 cycles were employed for EDOT-PIC polymer. All CV results showed the growth of a PEDOT or 
P3HT layer on a PEDOT-PIC covered ITO slide. One of the examples is shown in Figure 20. There 
Figure 18. Cyclic voltammograms, performed on formyl-EDOT, deposited on ITO slide as working electrode. a) The 
first scan, showing the start of the electropolymerisation reaction. b) Multiple electropolymerisation cycles, showing the 
growth of the PEDOT signal. c) The most intensive (blue) and the last electropolymerisation cycle (green) of PEDOT, 
formed from EDOT formamide. Electropolymerized material appeared to be non-stable. 
a) b) 
c) 
V (V) vs. Fc / Fc+ 
 
V (V) vs. Fc / Fc+ 
 
V (V) vs. Fc / Fc+ 
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were no notable differences in this growth, if the EDOT-PIC was polymerized in separate cycles 
before the addition of the monomers in the electrolytic solution. 
  
   The morphology of the films, formed by electropolymerisation, was recorded by scanning electron 
microscopy (SEM). The drop-casting of EDOT-PIC seemed to make thick and non-uniform layer of 
the polymer. The ITO appeared to be covered with several aggregates and network structures, and also 
lots of uncovered parts were observed (Figure 21a). More uniform structures were observed for the 
samples of EDOT-PIC thin film, polymerized with extra EDOT monomer in the electrolyte solution. 
The more uniform surface might be due to the fact that the ITO was not covered with EDOT-PIC very 
uniformly, lacking flat surfaces for PEDOT to grow on. The PEDOT structures showed some 
relatively thin structures, with a little porosity (Figure 21b), and some thicker and highly porous 
structures (Figure 21c). Similar highly porous structures are reported in literature.
56,65 
b) a) 
Figure 19. Chemical structures of the possible binding of a) EDOT or b) 3-hexyl thiophene to EDOT-PIC polymer 
during the electropolymerisation reaction. 
V (V) vs. Fc/Fc+ 
I 
(A
) 
Figure 20. Cyclic voltammogram of PEDOT formation from EDOT-PIC with the addition of EDOT monomer in the 
solution. Broader signal, compared with that of pristine EDOT-PIC, can be explained by higher MW distribution of 
formed species and/or cross-links between several PIC chains. 
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   In conclusion, we have successfully polymerized EDOT-PIC into a PEDOT polymer using a CV 
method. This method, however, does not give any control on the morphology and preferentially 
intermolecular and not intramolecular polymerization takes place. The aim to bring more control to the 
morphology of PEDOT, formed from EDOT-PIC polymer; was less successful than desired. 
6.6 The employment of electrospinning method for the formation of rigid rods 
Method introduction. Electrospinning, as a method to generate fibers with diameters in the range 
from several micrometers to tens of nanometers, has gained popularity in the last decade. High surface 
area to volume ratio, porosity, flexibility and superior mechanical properties of electrospun fibers 
makes them the optimal candidates to employ in different areas, without exception of the electronic 
materials.
66
 The fiber formation process in electrospinning differs fundamentally from the ones, 
prepared by conventional engineering approaches (extrusion or melt blowing). Fiber formation in 
electrospinning is governed by a self-assembly processes, induced by electric charges. All the key 
 a) b) 
c) 
Figure 21. SEM images of thin films of EDOT-PIC, electropolymerized a) without and b,c) with additional amount of 
EDOT monomer. Electropolymerized pure EDOT-PIC polymer showed polymer networks, whereas by the addition of 
EDOT monomer, the thick layer of PEDOT was formed with b) better defined, but also c) less-defined, porous structure. 
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characteristics of the electrospinning process can be attributed to the presence of the repulsive 
Coulombic interactions between the charged elements on the fluid jet. Charges within the fluid jet 
cause the charged polymer elements to move along complex pathways to minimize the Coulombic 
interaction energy.
67–69
  
   A typical electrospinning setup consists of a capillary, a high voltage source and a grounded 
collector. The schematic of the used setup is shown in Figure 22. A syringe pump (and gravitational 
forces) was used to force the liquid through a small diameter capillary forming a pendant drop at the 
tip. The electric field, applied on this polymer drop, causes the repulsive interactions between the 
same charges in the liquid and attractive forces between oppositely charged polymer liquid and 
collector. The pendant drop is therefore elongated at the tip of the capillary. Using the optimal electric 
field, the electrostatic forces balance out the surface tension of the liquid, which leads to the 
development of the so called Taylor cone. A further increase in applied voltage leads to the ejection of 
the fiber. The elongation and continuity of this fiber, however, highly depends on solution and 
processing parameters. The key parameters, affecting the fiber formation and structure, are applied 
voltage, flow rate, distance between the capillary and collector and solution parameters. A number of 
general relationships between the processing parameters and fiber morphology can be drawn 
according to the general knowledge and experience (Table 3). Nonetheless, it is important to realize 
that the exact relationships will differ for each polymer / solvent pair.  
   Although the setup for electrospinning is extremely simple, the electrospinning process itself is 
highly complex due to various types of instabilities: Rayleigh, axisymmetric or whipping / bending 
instability.
70
 The first two instabilities give raise to the fluctuations of the radius of the jet, whereas 
  
Syringe pump 
Grounded 
electrode 
High voltage 
D/C supply 
Figure 22. The electrospinning setup, used in our research. 
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whipping / bending instability controls the stretching, elongation and thinning of the electrospun 
nanofibers.
71
  
    The high surface to volume ratio of electrospun fibers makes them good candidates for the 
application in organic photovoltaic devices. Due to the high efficiency and low production costs, the 
primarily focus was on dye-sensitized solar cells, consisting of electrospun titanium oxide 
nanofibers.
82–86
 A critical factor, governing the performance of the dye sensitized solar cell, is a good 
contact between the components. Due to the fast electron transport in nanofiber, highly crystalline and 
densely packed hierarchical TiO2 nanofibers improved the electron collection efficiency.
82
 As this 
work with TiO2 was successful, more metals were tried, such as silver,
87
 electrospun carbon 
nanofibres
88–92
 and other metal oxides.
93–95,96
 Electrospun PEDOT fibers were never employed in solar 
cells, but have been applied in chemical sensors due to their high electrical conductivity and 
environmental stability.
97–99,28
 Electrospun nanofibers of PEDOT are generally obtained in one of two 
ways. The first approach involves the electrospinning of PEDOT:PSS dispersions with an 
electrospinnable synthetic polymer [poly(ethylene oxide), poly(vinyl alcohol) or poly(vinyl 
pyrrolidone)].
100,98,101,102
 The second approach is vapour phase polymerization of EDOT monomers 
into carrier electrospun nanofibers.
103,104,24,105
 The first approach, however, leads to less conductive 
PEDOT nanofibers, as the supporting polymer acts as an insulator; whereas in the second approach the 
Parameter Effect 
Increase of the voltage
72,73
 Initially, fiber diameter decreases; 
Using much higher voltage – starts increasing 
Increase of the flow rate
74,75
 Fiber diameter increases (in too high flow rate 
beads are formed) 
Increase in the distance between the capillary and 
collector
76,77,75
 
Fiber diameter decreases (if the distance too 
short, beads are formed) 
Increase of the solution viscosity
76,75,72
 In the optimal range, the fiber diameter 
increases. 
However, it is very important to find the optimal 
range of the solution viscosity, as too diluted 
solution leads to electrospraying (only droplets 
will be deposited) and too viscous solution 
cannot flow through the capillary. 
Increase of the solution conductivity
78–81
 Fiber diameter decreases 
Increase of the solvent volatility
75
 Porous fiber surfaces are formed 
Table 3. The main parameters of the electrospinning process, influencing the diameter and morphology of the fibres. 
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interfacial tensions of monomer and substrate and low monomer reactivity in vapour pressure also 
leads to reduced conductivity. 
Electrospinning of EDOT-PIC. Electrospinning of the helical EDOT-PIC can be carried out using 
the first method with the PIC polymer acting as a subsidiary, insulating substrate. However, in this 
case covalent bonding between PEDOT and the substrate can ensure more homogeneous, densely 
packed PEDOT nanofibers. The electrospinning measurements were conducted at the department of 
Biomaterials at the Radboud University in the group of prof. J. Jansen. A 7.5 mg mL
-1
 polymer 
solution in tetrahydrofuran was prepared by stirring for 24h at room temperature. Low concentration 
of the polymer led to low viscosity of the solution. Unfortunately, our attempts to enhance the 
concentration were unsuccessful. The enhancement of the viscosity of the solution by the addition of 
the poor solvent was tried, but this approach led to the precipitation of the polymer. Electrospinning 
experiments were conducted at 7.5 mg mL
-1
 polymer concentration, varying voltage (8 – 20 kV), flow 
rate (5 – 20 μL min-1) and the distance between the capillary and the detector (5 – 20 cm). None of the 
experiments, however, led to the formation of the nanofibers. Instead, droplets were observed, 
suggesting that electrospraying and not electrospinning was taking place due to the low viscosity of 
the sample. Optical and electron microscopy pictures of some of the samples with lower (10 kV) and 
higher (20 kV) applied voltages are shown in Figure 23. Low voltage (10 kV) and medium flow rate 
 
ïì u  
30 mm 
a) 
b)
c) 
Figure 23. Optical and electron microscopy studies of electrospun EDOT-PIC solution. a) Only some small fibres were 
observed (30-100 μm) using low voltage (10 kV). b) and c) Higher voltage (15-30 kV) resulted in electrospraying of the 
non-viscous polymer solution, yielding large droplets of material. 
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(10 μL min-1) yielded the formation of small (the range of tens of micrometers) fibers (Figure 23a). 
Due to the low viscosity of the sample the inhomogeneity of the flow rate and fiber breakage was 
high. Thus the reproducibility and control of the fiber formation was impossible. Higher voltage (15 - 
30 kV, see Figure 23b and c) yielded electrosprayed droplets. The higher the voltage was used, the 
larger the droplets were observed. Larger domains in electrospinning while increasing the voltage can 
be attributed to the increase in the fluid ejected.
106
 
    As electrospinning of pure EDOT-PIC solution into nanofibers was not possible due to the low 
solubility of the polymer and thus low viscosity properties. To overcome this problem mixing of 
EDOT-PIC with another electrospinnable polymer was conducted. Polycaprolactone (PCL) has been 
chosen due to its high solubility in THF. Several solutions varying the percentage of the host polymer 
(PCL) from 1 to 80 % were prepared. Those solutions were electrospun on glass substrates whilst 
varying electrospinning variables (voltage and flow rate). Fibres were detected only for solutions of 
1:1 PCL:EDOT-PIC or above. Even at such high content of host polymer, still fibers were not 
uniform, with many beads, as a result of the low viscosity. Characteristic optical microscopy images 
are shown in Figure 24. It was not clear if the fibers consist of both polymers (PCL and EDOT-PIC) 
and if EDOT-PIC polymer is stretched in the fiber. This was investigated by washing the substrates 
with chloroform – good solvent for PCL and bad for EDOT-PIC). After the wash only small 
structures, similar to those of elecrospun EDOT-PIC alone were observed. There were some fibres of 
EDOT-PIC visible with the length of about few hundred µm, but most of the material was only not 
elongated droplets. 
    The usage of such high percentage of the host polymer would, of course, lead to the non-conductive 
fibres. As EDOT easily polymerises in quite low voltage (~1.2 – 1,8eV),107 the electrospinning of the 
polymer-monomer solution was conducted. This approach would enhance EDOT content in the fibres, 
which may lead to the considerable conductivity properties. PCL - EDOT-PIC solution was prepared 
with weight ratio 1:1 and, during mixing, 0.01 wt. % of EDOT monomer was added. While scanning 
Figure 24. Optical microscopy images of the electrospun EDOT-PIC – PCL fibres (ratio of 1:1), electrospun in 
moderate voltages (a - 15 kV; b – 8 kV).  
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the parameters of the electrospinning it was found that the fibres were formed, but they were wet and 
very thick (0.1 – 0.7 mm). Selected microscopy images are shown in Figure 25. EDOT can be easily 
polymerised using Cl2 gas, a procedure developed by Xu et al.
108
 Going up to 0.1 wt. % of EDOT 
monomer in the polymer solution resulted in the electrospraying of droplets due to the too low 
viscosity. 
    Unfortunately, EDOT-PIC appeared to be non-electrospinnable and therefore we could not build 
helical PEDOT nanorods, using this polymer. To the best of our knowledge, none of the PICs were 
electrospun before and not all polymers can be electrospun into fibres. Polyolefins, for instance, are 
too crystalline and are also very difficult to electrospin.
109
 In order to prove our assumption that only 
the low solubility of the polymer (and thus low viscosity of the solution), but not the nature of the 
rigid PIC polymer itself was the main cause of the failure, several well-known PICs were electrospun. 
The results are explained in the next paragraph. 
6.7 Electrospinning of LD-, LDL-3-ethylene glycol and Perylene PICs 
Tri-(ethylene glycol)-dialanyl-decorated PIC (in this chapter, the polymer will be referred as 
P2)
110,111
and rigid perylene group bearing PIC (P4)
32
 were synthesized as reported by our group 
earlier.
 
Tri-(ethylene glycol)-trialanyl PIC (P3) was synthesized using a similar route with an  
additional peptide coupling reaction. The synthesis scheme of polymer P3 is shown in Scheme 2. Both 
polymers were synthesized and provided by Dr. Jialiang Xu. Lower concentration of polymer P3 (50 
mg mL
-1
 chloroform solution) yielded fibres only in low voltage (10 kV), whereas in higher voltages 
(15 - 30 kV) electrospraying was taking place (Figure 26). The optimum concentration of the polymer 
P3 appeared to be 100 mg mL
-1
. At this concentration, uniform, non-beaded fibres were obtained 
during the electrospinning process. Fibres of P3, electrospun using different voltages, showed the 
trend to reduce the diameter of the fibres with the higher voltage (Figure 27). At lower voltages, the 
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Figure 25. Optical microscopy images of the electrospun EDOT-PIC - PCL + 0.01 wt.% EDOT monomer fibres (ratio of 
1:1), electrospun in moderate voltages (a – 10 kV; b – 15 kV) and low flow rate (a – 10 μL min-1; b – 4 μL min-1). 
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Taylor cone and thus fibre jet was formed at the tip of the pendent drop, whereas at higher voltages the 
volume of the drop decreased and thinner fibres were spun. It was reported by the group of Beck Tan, 
however, that at a higher voltage (30 kV) the Taylor cone at the tip of the capillary is formed and 
therefore the diameter of the fibres increases.
72
 After thorough investigation of several tens of fibres, 
we found the same trend as it was reported by Beck Tan (Graph 3). In average, the width of the fibres 
was larger at 30 kV than when using 8 kV. 
Scheme 2. Synthesis of 3EG-LDL-Ala-PIC for the electrospinning experiments. i) p-Toluene sulphonic acid 
monohydrate; ii)  L-Ala-Boc, DiPEA, EDC Hydrochloride, HOBT; iii) HCl-saturated ethylacetate; iv) L-Ala-Boc, 
DiPEA, EDC Hydrochloride, HOBT;  v) HCl-saturated ethylacetate, sodium formate, ethyl formate; vi) diphosgene, N-
methyl morpholine, Polymerization was done in chloroform, r.t. 
Figure 26. The optical microscopy images of the electrospun P3 fibres (Scheme 2). Solution concentration 50 mg mL-1, 
solvent – CHCl3. Electrospinning conditions: a) voltage - 20 kV, flow rate – 5 μL min
-1; b) voltage – 10 kV, flow rate – 
2 μL min-1. 
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     A similar approach was performed with 3EG-LD-Ala-PIC (P2), using the polymer solution with 
the concentration of 100 mg mL
-1
. As viscosity of this polymer solution was lower than that of P3, the 
electrospinning only using a low voltage (8 kV) was conducted in order to avoid the formation of too 
thin fibres and/or breakage of the fibres. Selected optical and electron microscopy images of the 
electrospun fibres of P2 are shown in Figure 28. Those fibres had an average width of 0.73 μm, 
Figure 27. a-c) The optical and d-f) electron microscopy images of the electrospun P3 fibres. Solution concentration 
100 mg mL-1. Electrospinning conditions: a) and d) voltage – 8 kV; b) and e) voltage – 16 kV; c) and f) voltage – 30 kV. 
The flow rate for all the samples was 1 μL min-1, distance between the syringe and substrates – 5 cm. 
愩 
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e) f) 
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measured from several tens of fibres (SEM images). The electrospinning conditions were not 
optimized, and hence a large distribution of fibre diameters was observed (0.2 – 1.4 μm).  
   In summary, electrospinning of 3EG-bearing di- and tripeptide PICs (P2 and P3) was successful, 
while using highly concentrated (100 mg mL
-1
) and viscous polymer solutions. The need of such high 
polymer content in the solution in order to obtain fibrous structures supports the assumption that 
EDOT-PIC simply cannot be electrospun due to its limited solubility properties.  
Figure 28. Optical and electron microscopy images of 3EG-LD-Ala-PIC P2, electrospun from 100 mg mL-1 solution. 
Electrospinning conditions: voltage – 8 kV; flow rate -1 μL min-1. 
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u  
Graph 3. The comparison of the average fibre diameter of polymer P3 by changing the voltage, used for the 
electrospinning process. Yellow arrows show error bars. 
0
0,5
1
1,5
2
8
A
ve
ra
ge
 d
ia
m
et
er
 o
f 
th
e 
fi
b
re
s 
[
m
]
Voltage, used for the electrospinning [kV]
16 30
171 
 
Electrospinning of Per-PIC. The crude, non-purified polymerisation mixture with the nickel catalyst 
still present was used for electrospinning. A very viscous chloroform solution of the polymer with a 
concentration of 50 mg mL
-1
 was electrospun, varying the voltage (8-30 kV) and flow rate (2-10 μL 
min
-1
). Microscopy pictures revealed the formation of macroscopic fibres with a porous surface 
structure (Figure 29). The pore sizes differ from 20 to 100 nm. The porosity of the fibres can be 
caused by the fast solvent evaporation and low polymer content in the solution, as was proposed by 
Guenthner et al.
112
 As the solvent evaporation rate exceeds the polymer diffusion rate within the 
droplet, on the outer layer of the droplet a thin solidified polymer layer can be formed. The residual 
solvent inside the droplet wants to evaporate and therefore, even under atmospheric pressure, the fibre 
surface layer opens, while releasing the solvent. As the polymer solution was very viscous at even 
relatively low concentration (50 mg mL
-1
) and as the solvent used (chloroform) was moderately 
volatile, this model supports our experimental results. Even though we did not investigate the porous 
Per-PIC structures any further, they may easily find the application in biosensors or photovoltaics. 
   The success in electrospinning rigid, functionalized PIC fully indicates that EDOT-PIC is not 
suitable for electrospinning due to its low solubility and viscosity. 
Figure 29. Optical and electron microscopy images of Per-PIC P4, electrospun from 50 mg mL-1 solution. 
Electrospinning conditions: voltage – 16 kV; flow rate – 10 μL min-1. 
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6.8 Conclusions and outlook 
In a search of controlled morphological assembly of PEDOT, we prepared helical PIC polymer with 
the EDOT groups at the side chains. The formation of intramolecularly bound PEDOT-PIC rods, using 
cAFM, appeared to be troublesome. Molecular modelling revealed the possible formation of the 
oligomers that changes the distances between the adjacent EDOT species and, therefore, the formation 
of intramolecular PEDOT-PIC is impossible.  
   EDOT-PIC was successfully incorporated into intermolecular oligo-EDOT species, using chemical 
and electrochemical methods. In electrochemistry the HOMO value of the formed material was 
revealed (-4.7 eV), which is between the value of PEDOT (-4.0 eV) and P3HT (-5.2 eV). The high 
stability of electrochemically formed PEDOT-PIC suggests a potential application of the material; 
however, control over the morphology of this material is still lacking.  
   In a search for improved morphology control, electrospinning was investigated. Unfortunately, the 
formation of microfibers of EDOT-PIC appeared to be impossible due to its low solubility. It was 
possible to form microfibers from higher solubility PICs: 3EG-(LD-/LDL-Ala)-PIC and Per-PIC. The 
fibres of those materials can find their application in biosensors, drug delivery systems, photovoltaics 
or even in 3D printers, but that still needs additional investigations. 
   Novel EDOT-PIC structures should possess additional extra linkers between the polymer chain and 
EDOT. This approach can enhance the flexibility of EDOT groups and thus could lead to the 
intramolecularly bound PEDOT-PIC rods. A thorough primary investigation of the potential structures 
with the Molecular modelling techniques needs to be performed before synthesizing a new polymer.  
   The formation of PEDOT rods by electrospinning PEDOT:PSS with the additional amount of EDOT 
monomer and subsequent vapour phase polymerisation may lead to an easy achievable high 
conductivity properties of PEDOT microfibers. 
6.9 Experimental part 
1. General procedures and equipment 
All the reagents were purchased commercially and used as received, unless noted otherwise. Solvents, 
used during synthesis, were distilled under nitrogen atmosphere before use, with tetrahydrofuran 
(THF) distilled over sodium, dichloromethane distilled over CaH2 and chloroform distilled over CaCl2. 
Silica gel (0.063 – 0.200 mm), used for column chromatography, was purchased from J.T. Baker. 
Silica Gel 60 F254 (1 mm pores) coated glass plates, used for Thin Layer Chromatography, were 
obtained from Merck. 
   All NMR measurements were performed at room temperature, with chemical shifts (δ) reported in 
ppm relative to tetramethylsilane (TMS). 
1
H-NMR spectra were obtained on Varian Inova 400 MHz 
instruments. 
13
C-NMR spectra were recorded on a Bruker DMX 300 MHz instrument. FT-IR spectra 
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were obtained using a Bruker Tensor 27 (DTGS detector (12 K - 250 cm
-1
); KBr beam splitter (4000 - 
370 cm
-1
)). AFM images were scanned by tapping mode on Veeco Dimension 3100, using noncontact 
gold-coated cantilevers NSG10 from NT-MDT. Samples were prepared by spin-coating a diluted 
solution (10
-6 
M) on a freshly cleaved mica substrate. Theoretical calculations were done using the 
Materials Studio program (Accelrys 6.0). Electrospinning experiments were done using a 
commercially available electrospinning set-up (Esprayer ES-2000S, Fuence Co., Ltd, Tokyo, Japan). 
2. Synthesis  
(2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methane chloride (1).
38
 In a round bottom 
flask, equipped with a reflux condenser, under an argon atmosphere dimethoxythiophene 
(1.5126 g, 0.0105 mol), 3-chloro-1,2-propanediol (1.2756 g, 0.0115mol) and p-toluene 
sulfonic acid monohydrate (0.3782 g) were dissolved in 50 mL of toluene. The reaction 
was heated at 90°C for 18 h. After cooling, the reaction mixture was poured into a 
saturated potassium carbonate solution. The mixture was extracted with DCM and the extracts were 
dried over Na2SO4. After filtration, the solvent was evaporated and the dark oil was purified by 
column chromatography (silica gel, eluent: n-pentane - DCM 5:1 → 4:1 → 3:1). After evaporation of 
the solvent and drying it in vacuum, the product – a white crystalline solid – was obtained. Yield: 
0.7752 g (70 %).  
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.36 (q, 1H, J = 0.8; 3.7 Hz, 2H, 1 and 4), 4.37 (m, 1H, 6), 4.21 
(br. m, 2H, 5), 3.69 (m, 2H, 7). 
13
C-NMR (300 MHz, CDCl3, ppm): δ 140.64 (3), 140.18 (2), 99.65 (1 and 4), 72.36 (6), 65.08 (5), 
40.83 (7). 
LC-MS: (m/z): 190.01 g mol
-1
 (MH
+
). 
 (2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methane azide (2).
43
 Sodium azide (0.2930 
g, 0.0045 mol) was dissolved in 30 mL of DMF while stirring for 20 h at r.t. Then 1 
(0.7752 g, 0.0041 mol) was added and the reaction mixture was stirred for 2 h under 
reflux (120 °C). The reaction was monitored by TLC analysis. Upon completion of the 
reaction, water (45 mL) was added and the product was extracted with diethyl ether (3 x 
50 mL). The organic layer was washed with water (2 x) and brine (1 x). The product was dried over 
Na2SO4, solvent was evaporated and the crude product was purified by column chromatography 
(silica, eluent: n-pentane-dichloromethane 5:1). The product was an unstable colorless liquid 
(degrades in few days). Yield: 0.5919 g (80 %).  
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.37 (m, 2H, 1 and 4), 4.32 (m, 1H, 6), 4.20 (br.dd, 1H, J = 3.04, 
8.70 Hz, 5), 4.06 (m, 1H, 5), 3.54 (m, 2H, 7). 
(2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methane amine (3).
44
 The azide molecule 2 (2.6054 g, 
0.0132 mol) was dissolved in THF (40 mL) in a 100-mL round-bottom flask with a stir bar, and 
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triphenylphosphine (3.8123 g, 0.0145 mol) was added as a solid. The reaction was heated 
at 50 °C for 1 h, whereupon freshly prepared NaOH solution (2 M, 40 mL) was added, 
and the mixture was heated with vigorous stirring for another 2 h. Reaction mixture was 
then acidified with a concentrated HCl (pH < 2). The majority of THF was removed by a 
rotary evaporator. The aqueous layer was extracted 3 times with CH2Cl2, and the 
combined organic layers were discarded. NaOH was then added to the aqueous layer, and 
the resulting solution (pH > 8) was extracted three times with CH2Cl2. The combined organic layers 
were dried with Na2SO4, filtered and evaporated. The product was a colorless liquid. Yield: 1.7296 g 
(76 %).  
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.33 (dd, 2H, J = 8.8 Hz, 1 and 4), 4.21 (br. dd, 1H, J = 2.1; 9.3 
Hz, 6), 4.12 (m, 1H, 5), 4.00 (q, 1H, J = 4 Hz, 5), 2.97 (q, 2H, J = Hz, 7), 1.29 (s, 2H, 8).  
LC-MS: (m/z) 172.1 g mol
-1
 (MH+). 
Tert-butyl((2S)-1-(((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)amino)-1-
oxopropan-2- yl)carbamate (4). To the round-bottom flask with 10 mL of CH2Cl2 
EDOT-Me amine (0.095 g, 0.0555 mmol), boc-L-alanine (0.1050 g, 0.0555 mmol), 
DIPEA (0.0789 g, 0.0610 mmol), HOBt (0.0825 g, 0.0611 mmol) and EDC 
hydrochloride (0.1170 g, 0.0610 mmol) were added and the reaction mixture was 
stirred for 24 h at r.t. The reaction mixture was then washed with 10 wt. % aqueous 
solution of citric acid (2 x 25 mL), followed by water (25 mL), an aqueous 10 wt. % 
sodium carbonate solution (2 x 25 mL) and again by water (25 mL). The organic layer 
was then dried over Na2SO4, concentrated and purified by column chromatography 
(silica, eluent: DCM / EtOAc 1:1). The product was a colorless liquid. Yield: 0.1031 g 
(55 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.56 (br.s, 1H, 8), 6.33 (t, 2H, J = 1.08 Hz, 1 and 4), 4.85 (br.s, 
1H, 11), 4.27 (m, 1H, 6), 4.11 (m, 1H, 5), 3.97 (m, 1H, 5), 3.58 (m, 2H, 7), 1.42 (d, 9H, J = 3.12 Hz, 
14 - 16), 1.37 (dd, 3H, J = 1.30; 5.84 Hz, 17). 
13
C-NMR (300 MHz, CDCl3, ppm): δ 172.72 (9), 155.00 (12), 140.79 (2 and 3), 99.71 (1 and 4), 79.91 
(13), 72.04 (6), 65.66 (5), 49.79 (10), 38.96 (7), 27.58 (14 - 16), 17.69 (17). 
LC-MS: (m/z) 343 g mol
-1
 (MH+). 
FT-IR: 3313.28 (NH), 2974.54 (CH). 
(2S)-N-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)-2-
formamidopropanamide (6). Compound 4 (0.6025 g, 0.1761 mmol) was dissolved in 
25 mL of HCl-saturated EtOAc and stirred for 1 h. When the solution became 
brownish-green, the solvent was evaporated and the access of HCl was removed by 
pouring tert-butanol/DCM (1:1) solution and the subsequent evaporation. This gave 
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the compound 5, which was dissolved in 20 mL of ethyl formate and while stirring sodium formate 
(0.7785 g, 0.0114 mmol) was added. The solution was stirred under reflux for 17 h. After cooling 
down the solution, the salt was filtered and washed with chloroform. The solvent from the filtrate was 
evaporated and the crude product was purified using column chromatography (silica, eluent: 
chloroform/EtOAc 1:1 → EtOAc + 1 % MeOH). Yield: 0.2795 g (60 %). 
1
H -NMR (400 MHz, CDCl3, ppm): δ 8.19 (d, 1H, J = 5.30 Hz, 12), 6.90 (s, 1H, ), 6.58 (s, 1H, ), 6.33 
(q, 2H, J = 2.45, 3.67 Hz, 1 and 4), 6.18 (br.s, 1H, 8), 4.56 (m, 1H, 5), 4.26 (m, 1H, 5), 4.20 (m, 1H, 
13), 3.92 (m, 1H, 6), 3.67 (m, 1H, 7), 3.50 (m, 1H, 7), 2.10 (s, 11), 1.42 (s, 3H, 13). 
13
C-NMR (300 MHz, CDCl3, ppm): δ 171.64 (9), 160.29 (12), 140.69 (2), 140.51 (3), 99.48 (1 and 4), 
71.79 (6), 65.64 (5), 47.09 (10), 39.16 (7), 17.83 (13). 
LC-MS: (m/z) 271 g mol
-1
 (MH+). 
(2S)-N-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)-2-isocyanopropanamide (7). 6 (0.2743 
g, 0.1015 mmol) was dissolved in 20 mL of dry dichloromethane under an argon 
atmosphere and N-methyl morpholine (0.4619 g, 0.4567 mmol) was added. The 
solution was cooled to -30 °C (acetone / CO2) and diphosgene (0.1204 g, 0.0609 
mmol) in 10 mL of dry dichloromethane was slowly added, while the temperature 
maintained at -30 °C. After the addition of diphosgene, the solution was stirred while 
warming to 0 °C. Afterwards aqueous ice-cold NaHCO3 solution was added and the 
solution was stirred for 0.5 h. The product was extracted with chloroform, washed 
with sodium bicarbonate 10 wt. % solution and water. The solution was dried over 
Na2SO4, concentrated and the crude mixture was purified by column chromatography (silica, CHCl3 / 
EtOAc 1:1). Yield: 0.2057 g (80 %) of an unstable, almost colorless liquid, which was directly 
subjected to the polymerization. 
1
H -NMR (400 MHz, CDCl3, ppm): δ 6.82 (br.s, 1H, 8), 6.37 (m, 2H, 1 and 4), 4.30 (m, 2H, 5), 4.22 
(m, 1H, 10), 3.94 (m, 1H, 6), 3.76 (m, 1H, 7), 3.51 (m, 1H, 7), 1.67 (d, 3H, J = 7.39 Hz, 12). 
FT-IR (cm
-1
): 3312.40 (NH), 3112.12, 2918.30, 2850.06 (CHO), 2141.73 (CN), 1676.93, 1538.80, 
1185.55. 
Tetrakis(tert-butyl) isocyanide)nickel (II) perchlorate. The 
complex was prepared by adding tert-butyl isocyanide (0.91 g, 
0.0109 mol) into a 0.2 molar solution of Ni (ClO4)2 ∙ 6H2O in 
96 % ethanol / ether 1 : 1 (v : v) at 0
 
°C. After stirring the 
reaction mixture for 0.5h, the complex was separated from the 
solution by filtration, washed with cold ethyl ether and dried 
over vacuum. Yield: 1.2058 g (75 %).  
1
H-NMR (400 MHz, CDCl3, ppm): δ 1.65 (s, CH3). 
2+ 
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P1. Compound 7 (0.2057 g, 0.8153 mmol) was dissolved in CHCl3 (7 mL) and while stirring nickel 
complex 8 (0.48 mg, 0.00813 mmol) in MeOH / EtOH (4 mL, mixture of 1:1) was added. The mixture 
was stirred at r.t. After 10 min the polymer precipitated from the solution, but it was left while stirring 
at r.t. for 3 days. The polymer was purified by precipitation from tetrahydrofuran in MeOH (3 x). 
Yield: 0.1193 g (58 %). 
1
H -NMR (400 MHz, THF, ppm): δ 6.82, 6.31, 4.18, 4.00, 3.94, 3.725, 3.44, 1.85. 
FT-IR (cm
-1
): 3338.55 (NH), 2955.44 (CH2), 2921.47, 1642.70, 1430.41, 1230.29.  
Mn (AFM): 789.8 kg mol
-1
; MW (AFM): 1 003.5 kg mol
-1
. 
3EG-LD-Ala-PIC (P2), Per-PIC (P4), 2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-aminopropanoate (8) 
and 2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-(((tertbutoxycarbonyl)amino)propanamido)propanoate) (9) 
were synthesized according to the literature procedures.
111,32,113
  
2-(2-(2-methoxyethoxy)ethoxy)ethyl 2,2,6,9,12-pentamethyl-4,7,10-trioxo-3-oxa-5,8,11-
triazatridecan-13-oate) (11). 9 (4.0 g, 
9.84 mmol) was dissolved in 20 mL of 
HCl saturated ethylacetate solution 
(2.3 mol L
-1
), and stirred at r.t. for 2 h. 
After the Boc-protecting group was totally removed (monitored by TLC (3 % of methanol in DCM as 
eluent)), the solvent and the excess HCl were removed by rotary evaporation in vacuo. The crude 
product was dissolved in 250 mL of distilled DCM, and to this solution L-Ala-Boc (1.9 g, 10 mmol) 
and hydroxybenzotriazole (1.4 g, 10 mmol) were added. N-Ethyldiisopropylamine (1.3 g, 10 mmol) 
was added slowly until the reaction mixture was basic and clear in appearance, and 1-[3-
(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (1.9 g, 10 mmol) was added. The reaction 
mixture was stirred at r.t. overnight. The reaction mixture was washed successively with citric acid 
solution (6 %, 100 mL), water (100 mL), saturated solution of sodiumbicarbonate (100 mL), water 
(100 mL x 2), and dried over sodium sulfate. The solvent was removed by rotary evaporatoration and 
the crude product was purified by a silica column chromatography (2 % of methanol in DCM as an 
eluent). The product was collected as colorless oil, with a yield of 65 %. 
1
H NMR (500 MHz, CDCl3, ppm) δ 7.36 (d, J = 6.6 Hz, 1H, 15), 7.22 (d, J = 5.5 Hz, 1H, 11), 5.57 (d, 
J = 5.3 Hz, 1H, 19), 4.53-4.40 (m, 2H, 7), 4.22-4.03 (m, 3H, 9, 13, 17), 3.60-3.56 (m, 2H, 6), 3.55-
3.50 (m, 6H, 3-5), 3.46-3.42 (m, 2H, 2), 3.26 (s, 3H, 1), 1.32 (s, 9H, 10, 14, 18), 1.31-1.23 (m, 9H, 
22). 
13
C NMR (126 MHz, CDCl3, ppm) δ 173.01 (8), 172.57 (12), 171.96 (16), 155.46 (20), 79.59 (21), 
71.77 (7), 70.45 (2), 70.42 (4), 70.36 (3), 68.77 (6), 64.22 (5), 58.81 (1), 50.30 (13), 48.48 (17), 48.05 
(9), 28.23 (22), 18.23 (14), 17.89 (18), 17.69 (10). 
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2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-(2-(2-
formamido propaneamido) propaneamido) 
propanoate) (12).  11 (2 g, 0.0049 mol) was 
dissolved in 10 mL of HCl solution in 
ethylacetate (2.3 mol L
-1
), and stirred at r.t. for 2 h. After the Boc-protecting group was totally 
removed as monitored by TLC (3 % of methanol in DCM as eluent), the solvent and the excess HCl 
were removed by rotary evaporatoration in vacuo. The crude product was mixed with 30 mL of 
ethylformate, to which mixture sodium formate (33.5 mg, 0.49 mmol) was added. The reaction was 
stirred under reflux over night, after which it was cooled down to r.t. and the solid filtered off and 
washed thoroughly with CHCl3. The solvent was removed from the filtrate and the crude product was 
purified with a silica column chromatography (3 % of methanol in DCM as an eluent), to yield 12 as a 
colorless solid, with a yield of 68 %. 
1
H NMR (500 MHz, CDCl3, ppm) δ 8.18 (s, 1H, 20), 7.04 (d, J = 7.1 Hz, 1H, 11), 6.94 (d, J = 6.6 Hz, 
1H, 19), 6.65 (d, J = 4.4 Hz, 1H, 15), 4.51-4.60 (m, 3H, 17, 13, 9), 4.33-4.21 (m, 2H, 6), 3.71-3.67 (m, 
2H, 7), 3.67-3.63 (m, 6H, 3-5), 3.57-3.54 (m, 2H, 2), 3.38 (s, 3H, 1), 1.42 (d, J = 7.1 Hz, 6H, 10, 18), 
1.38 (d, J = 7.0 Hz, 3H, 14). 
13
C NMR (126 MHz, CDCl3, ppm) δ 172.85 (8), 172.38 (12), 172.04 (16), 161.59 (20), 71.75 (7), 
70.43 (2), 70.41 (4), 70.35 (3), 68.75 (6), 64.29 (5), 58.83 (1), 48.75 (13), 48.09 (17), 47.85 (9), 18.15 
(14), 18.01 (18), 17.68 (10). 
2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-(2-(2-
isocyanopropanamido)propanamido)propan
oate) (13). Compound 13 was synthesized 
using the same procedure as for compound 7. 
Quantities of the materials used: 12 (0.325 g, 0.8 mmol), diphosgene (0.080 g, 0.40 mmol), N-methyl 
morpholine (0.203 g, 0.65 mmol), and solvent – CHCl3. Colorless oil was obtained in a yield of 78%. 
1
H NMR (500 MHz, CDCl3, ppm) δ 7.03 (d, J = 7.34 Hz, 1H, 11), 6.52 (d, J = 7.18 Hz, 1H, 15), 4.55 
(t, J = 7.21 Hz, 1H, 9), 4.49 (t, J = 7.16 Hz, 1H, 13), 4.29 (q, J = 10 Hz, 7.02 Hz, 1H, 17), 4.21 (q, J = 
7.14 Hz, 2H, 6), 3.76 (m, 2H, 7), 3.66 (m, 6H, 3-5), 3.56 (m, 2H, 2), 3.47 (m, 2H, 2), 3.38 (s, 3H, 1), 
1.43 (dd, J = 7.02 Hz, 1.51 Hz, 6H, 10, 18), 1.29 (t, J = 7.16 Hz, 3H, 14). 
Poly(2-(2-(2-methoxyethoxy)ethoxy)ethyl 2-(2-(2-isocyanopropanamido) propanamido) 
propanoate) (P3). Isocyanate 13 (0.220 g, 0.568 mmol) was dissolved in 2 mL of freshly distilled, dry 
CHCl3. While stirring, freshly prepared tetrakis(tert-butyl) isocyanide)nickel (II) perchlorate complex 
solution (5.68 * 10
-5
 mmol) in EtOH was added. The reaction mixture was stirred in r.t. for 3 days and 
directly used for electrospinning. 
3. Molecular weight calculations from AFM pictures 
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The molecular weight of very rigid, poorly soluble polyisocyanides cannot be determined by using 
common absolute polymer molecular weight determination methods, such as GPC. As an alternative, 
molecular weights were determined from AFM micrographs, as was first described by Prokhorova et 
al.
114
 This method is based on simple and accurate measurements of lengths and enables sizing of 
individual filaments rather than bulk specimens. 
   A 10
-6
 M solution of the polymer P1 in THF was spin-coated on a freshly cleaved mica substrate. 
The polymers were directly measured by tapping mode AFM. After collecting all the data, the images 
were thoroughly analysed in the ImageJ program. The contour lengths L of the selected filaments were 
measured. Only the filaments with the both ends visible and not touching or crossing with another 
filament were measured. By excluding touching or crossing filaments, the molecular weight 
distribution will be biased towards lower molecular weights. 
   The weight average Lw, number-average apparent length Ln and polydispersity index (PDI) were 
calculated using the following equations: 
    
∑     
 
∑     
;         
∑     
∑   
;         
  
  
  (1) 
Li is a contour length of the i-th filament and Ni is the number of the observed filaments with the 
contour length Li. Data of the measured contour lengths is given in Figure 30.  
From this data, the calculated values of Lw, Ln and PDI are: 
Lw = 417 nm 
Ln = 328 nm 
PDI = 1.3. 
Figure 30. Data of the contour lengths of EDOT-PIC polymer, measured from AFM images. 
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The weight-average and number-average lengths are related to the corresponding molecular weight by 
this equation: 
    
   
 
     (2) 
m is the molecular weight of the monomer unit (in our case the molecular weight of compound 7 is 
252.3 g mol
-1
 and l is the projected length of the monomer units on the chain axes (for polyisocyanides 
we are taking 1.05 Å, which was calculated as it was explained by Cornelissen
115
). From the equation 
(2) Mw and Mn values can be easily calculated and their values are given in the characterisation part of 
the polymer. From Mw and Mn values easily the number of repeating monomer units can be calculated: 
    
   
 
   (3) 
The calculated average number of the repeating monomer units in a polymer P1 is 3130 – 3977. 
4. Conducting AFM measurements 
c-AFM measurements were performed under ambient conditions, unless otherwise noted, using a 
Digital Instruments Dimension 3100 instrument, equipped with the Nanoscope IV controller. Contact 
mode Pt/Ir-coated silicon cantilevers (Nanosensors PPP-CONTPt) were employed as electrodes for 
bias applications. The tip was electrically grounded and a bias voltage was applied (1 – 10 V) to the 
sample. A 10
-6
 M polymer solution was used for all measurements, unless it is differently stated in the 
text. The low concentration yields single polymer chains and avoids fibre clustering. For the vertical 
approach, freshly cleaved HOPG surface was used, whereas for the horizontal – SiO2 surface and gold 
electrode was thermally evaporated at one end of the fibre. For the macroscopic experiments, diluted 
polymer solution was spin coated on the gold patterned SiO2 surface. 
5. Molecular modelling 
Accelrys Materials Studio version 5.0 software was used to perform the modelling studies. The 
molecular mechanics geometry optimizations were done with a conjugate gradient algorithm (Forcite), 
until a convergence criterion of 0.0001 kcal mol
-1
 was reached. The Molecular Dynamics simulations 
of EDOT-PIC polymer were performed on an isolated chain of 60 monomer units in the NVT 
ensemble (keeping particle number, volume and temperature constant), whereas manually cross-linked 
PEDOT-PIC structures were multiplied by factor of 3 to ensure the more real long molecule 
environment and to lower the bending of the short molecule.  
   After the MD calculations of EDOT-PIC molecule model in a cell, we have chosen 7 polymer 
structures. The energy values of those structures are given in Table 5.  
Energy MD step number 
Table 5. Energy values of the local minimas of the molecular models of EDOT-PIC, calculated from the optimized 
structures of the molecule after MD simulations. 
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component, 
kcal mol
-1 
3 40 80 100 150 200 300 
Total energy 4891.06 4835.18 4828.21 4837.36 4826.49 4826.10 4788.76 
Valence 
energy 
1801.47 1797.85 1789.01 1795.83 1796.84 1786.64 1789.68 
Bond 246.68 245.47 240.24 244.31 242.19 241.74 243.59 
Angle 935.78 940.90 935.94 946.41 932.91 930.38 935.90 
Torsion 597.30 584.61 590.33 580.26 597.56 594.68 585.94 
Inversion 21.71 26.86 22.50 24.86 24.17 19.85 24.25 
Non-bond 
energy 
3089.59 3037.34 3039.20 3041.53 3029.65 3039.46 2999.09 
Hydrogen 
bond 
-124.66 -135.79 -130.50 -134.00 -134.77 -131.69 -143.91 
Van der 
Waals 
125.43 96.49 93.54 98.91 99.89 100 81.93 
Electrostatic 3088.82 3076.65 3076.15 3076.62 3064.53 3071.14 3061.07 
After choosing the lowest energy step 300, we performed MD simulation one more time, without 
periodic boundary conditions and performed geometry optimization. The energy values of the 
molecule structure with the lowest energy are given in Table 6. 
 Energy, kcal mol
-1
 
Total energy 4658.12 
      Valence energy 1668.06 
            Bond 250.43 
            Angle 800.96 
            Torsion 599.28 
            Inversion 17.38 
      Non-bond energy 2990.06 
            Hydrogen bond -217.23 
Table 6. Energy values of the geometry optimized lowest energy structure of EDOT-PIC polymer, consisting of 60 
monomer units. 
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The energy values of manually cross-linked EDOT-PIC structures (Binding 1 and Binding 2) are 
given in Table 7.  
Energy components Binding 1 Binding 2 
Total energy 13 513.47 14 997.67 
      Valence energy 8 150.43 7 954.28 
            Bond 1 760.80 1 903.82 
            Angle 4 776.79 4 288.91 
            Torsion 1 540.53 1 629.27 
            Inversion 72.30 132.27 
      Non-bond energy 5 363.04 5 219.13 
            Hydrogen bond -97.89 -60.38 
            Van der Waals 2 023.166 1 676.94 
            Electrostatic 3 437.78 3 602.57 
6. Electrospinning experiments 
Poly (ε-caprolactone) (PCL, LACTEL Absorbable polymers) was purchased from DURECT 
Corporation (Pelham, USA). The EDOT-PIC polymer solutions were prepared by fully dissolving 7.5 
mg of the polymer in 1 mL of the freshly distilled tetrahydrofuran. Before electrospinning, the 
prepared polymer solution was transferred into a plastic syringe, which was controlled by a syringe 
pump. A 1:1 EDOT-PIC and poly (ε-caprolactone) solution with the concentration of 15 mg mL-1 was 
prepared by completely dissolving both polymers in THF while stirring. The concentration of 
polymers P2-P3 was 100 mg mL
-1
, P4 - 50 mg mL
-1
. 
   A commercially available electrospinning set-up (Esprayer ES-2000S, Fuence Co., Ltd, Tokyo, 
Japan) was used for the generation of fibres. Plastic syringes, filled with the polymer solution, were 
delivered to an 18G nozzle at a feeding rate of 2 – 20 μL min-1. Voltage (8 – 30 kV) was applied at the 
nozzle to generate a polymer jet by overcoming the surface tension of the polymer solution. For the 
optical microscopy studies, fibres were electrospun on glass substrate and for electron microscopy 
            Van der Waals 224.55 
            Electrostatic 2982.74 
RMS value 6.34 * 10
-4 
Table 7. Energy values of the geometry optimized lowest energy structures of manually bounded EDOT-PIC polymer, 
consisting of 180 monomer units. 
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(SEM) – on ethanol cleaned silica substrate. The crude polymerisation solutions of other polymers 
(P2-P4) were electrospun using the same apparatus and electrospinning procedure.  
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Polythiophenes with iridium at the side 
chains as triplet emitters in organic 
photovoltaics 
 
 
 
 
 
 
 
 
All truths are easy to understand once they are discovered; the point is to discover them. 
Galileo Galilei 
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7 Polythiophenes with iridium at the side chains as triplet emitters 
in organic photovoltaics 
ABSTRACT: The increase of the lifetime of the excitons in the organic solar cells offers a possibility to 
enhance the power conversion efficiency (PCE) of the devices. Here the synthesis of the polythiophene 
copolymers with iridium complexes, incorporated at the side chains or at the end of the polythiophene is 
presented. Highly soluble non-regioregular polythiophenes with iridium complexes were synthesised using 
chemical oxidation method. Those polymers showed the increased overall PCE of the devices, compared with 
the initial polythiophenes. The overall low PCE of irregular polythiophenes hampered the positive assignment 
that this increase in PCE was indeed due to iridium atom effect. Highly regioregular polymers, synthesised using 
Grignard methathesis (GRIM) polymerisation, appeared to have poor solubility, which hindered the research on 
the heavy atom effect. 
7.1 Introduction 
The enhancement of power conversion efficiency (PCE) of organic photovoltaic devices have been an 
important goal of many groups.
1–6
 Amongst others, strategies to enhance the PCE of polymeric solar 
cells (PSCs) include the development of more stable materials,
7–12
 an improved ordering of donor and 
acceptor materials in the device, especially close to the electrodes,
13
 an increasing the open circuit 
voltage by introducing a few nanometres thick buffer layer
14–16
 and by increasing the lifetime of the 
excitons in the solar cell.
17,18
 In this chapter, the aim was to study the last approach, by inserting a 
triplet exciton in the active material of the solar cell. 
   The paired electrons in a molecule have opposite spin. This is called a singlet state (S). After 
absorption of light and population of an electronically excited state, a molecule first relaxes to the 
lowest vibrational level through the thermal (loss of heat) or collisional (electron transfer to other near 
lying molecules) relaxation. In the excitation and relaxation process, the electron does not change its 
spin due to spin restrictions effected by quantum mechanics. The excited state, therefore, is also a 
singlet state (S1).
19
 The lifetime of singlet excitons is of the order of nanoseconds.
20
 A short lifetime 
limits the diffusion length of the exciton to a p/n junction to few nanometres, although typically an 
active layer with a thickness of 100-200 nm is necessary to guarantee full capture of the solar energy.
21
 
The overall efficiency reduces with the balance between sample thickness (absorption efficiency) and 
diffusion length (charge separation efficiency). One of the routes to overcome the problem of the short 
singlet exciton lifetimes is the use of the triplet excitons which exhibit longer lifetimes.
20
 Lifetimes of 
the order of microseconds enables the exciton to travel in the micrometre range; this enhances the 
possibility that the exciton will reach a p/n junction before falling back to its ground state. Triplet 
excitons are formed by the spin-forbidden transition from the singlet excited state (S1) to the triplet 
excited state (T1). This process is called intersystem crossing (ISC). Coupling of the singlet and triplet 
vibrational levels of the same energy is required to allow ISC to occur. Triplet excited state relaxe to 
the lowest level by vibrational relaxation.  
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   An important characteristic of excited states of photoluminescent molecules is that the lowest singlet 
excited state is always higher in energy than the lowest triplet excited state. For singlet excited states, 
the electrons have opposite spin, and therefore can exist in the same region of space, as is allowed by 
quantum mechanics. In the triplet state, the electrons have the same spin, which prohibits them from 
occupying the same region of space. The transition from a singlet to a triplet state is a forbidden 
process, because it involves states of different spin multiplicity. Consequently, the triplet state acts as 
an energy reservoir, because radiative decay back to the ground state is similarly spin forbidden.
19
 
There are in principle two ways to generate triplet excitons: singlet fission and the usage of a heavy 
metal. While the former is a spin allowed process where a singlet state results into two excited triplet 
states and relies on the existence of dipole-dipole interactions,
22
 the latter make use of spin-orbital 
coupling. Since singlet fission does not automatically contribute positively to the overall PCE of the 
cell (it can double the quantum efficiency (QE), but it will cut the potential voltage by 50 %), we 
decided to focus on the second approach. It can occur via two path ways: using the internal or external 
heavy atom effect. The internal heavy atom effect is introduced by covalently attaching heavy metal 
atoms to the organic material, while dispersing heavy metal molecules into the active layer blend leads 
to the external heavy atom effect.  
   In transition metal complexes, several types of electronic transitions may occur. They are classified 
according to the nature of the molecular orbitals involved in the excitation process (Figure 1). 
Transitions between molecular orbitals with predominant d character (an excitation of the electron 
Metal Comple
x 
Ligands 
d 
π* 
π 
πL* 
πL 
σL* 
 
σ 
eg 
t2g 
1 2
3 4
E 
Figure 1. Different types of transitions in a coordination complex. Transitions: 1 – from metal d orbital to unoccupied 
metal d orbital (d-d); 2 – ligand to metal charge transfer (LMCT); 3 – metal to ligand charge transfer (MLCT); 4 – 
ligand-centred. 
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from a metal orbital to an unoccupied metal orbital) are called d-d transitions. Other types of transition 
imply an electron transfer from a predominant ligand orbital L towards metallic d orbitals (M). They 
are called ligand-to-metal charge transfer (LMCT) transitions. The reverse case is a metal-to-ligand 
charge transfer (MLCT) transition. Finally, there is a possibility of ligand-centred transitions.
23
 So 
many electron transitions in the complex enhance the possibility of ISC to occur, thus higher yield of 
triplets can be generated. 
   Although the triplet formation in heavy metal complexes have been known earlier,
24,25
 the use of the 
triplet excitons in PSCs using the heavy metal effect was first published by Shao et al. only in 2005.
26
 
Köhler
27
 has shown the use of the platinum-polyyne/fullerene system to charge separate triplet 
excitons. Shao showed the use of octaethyl porphyrin platinum (PtOEP) as an electron donor and C60 
as an acceptor. The singlet to triplet ISC, induced by platinum, was rapid and efficient. Compared with 
other high-performance photovoltaic devices, those ones based on PtOEP, however, showed a 
relatively large electrical resistance, which significantly affected the performance of the device. Still, 
the devices were quite efficient (2.1 %). At the same time Guo et al
28
 used a platinum-acetylide 
polymer in combination with PCBM. The authors report that charge separation probably occurs via the 
triplet state, since the energy of this state is 0.4 eV higher than the energy of the charge separated 
state. The energy band gap between the singlet state and the charge separated state was found to be 1.2 
eV. The authors also demonstrated that using the laser flash photolysis they can achieve energy 
transfer from the triplet state on the polymer to the acceptor (PCBM), however, the efficiencies were 
very low for those devices (0.27 %). Yang et al
29
 later introduced a blend of poly(9,9-dioctylfluorenyl-
2,7-diyl) and poly(3-hexylthiophene) (P3HT) together with the iridium complex Ir(mppy)3 and CdSe 
nanodots. Upon doping poly(octyl fluorine) (PFO) with Ir(mppy)3, the triplet exciton population 
increased 10 fold times, compared with the undoped PFO, but the triplet exciton lifetime decreased by 
more than 30 %. The authors concluded that this particular iridium complex is not the best choice for 
harvesting solar energy due to its high phosphorescence efficiency.  
   The first publication on using the internal effect of iridium was reported by Schulz et al
30
 in 2008. 
They found that a polyfluorene based polymer with a 25% molar ratio of iridium (Figure2a), blended 
with PCBM, yielded very inefficient cells (PCE is only 0.07 %) due to poor overlap of the dyes with 
the solar spectrum. However, comparing this system performance with the similar polyfluorene 
polymer without iridium, showed a significant enhancement in power conversion efficiency and 
external quantum efficiency, showing the enhancing effect of iridium. Later that year Xu
31
 
demonstrated highly enhanced spin-orbital coupling in solar cells with the blend of a 
phenylenevinylene derivative and Ir(ppy)3, with delocalized π-electrons from the polymer overlapping 
with the orbitals of Ir(ppy)3. The addition of this iridium complex reduced the recombination rate of 
charge carriers by changing the ratio between singlets and triplets. Similar results were published by 
Luhman et al,
32
 by doping N,N’-bis(naphtalen-1-yl)-N,N’-bis(phenyl)-benzidine with Ir(ppy)3 
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(Figure2b) and Winroth et al,
33
 who used Ir(ppy)3 as a dopant in a PCBM:P3HT system. Rand
17
 
compared the use of a free base porphyrin and a platinum containing porphyrin (Figure2c) as doping 
material for poly(p-phenylene vinylene) in a heterojunction PV device. In the free base porphyrin only 
singlet energy transfer from the polymer to the porphyrin occurred, whereas in the platinum porphyrin 
a triplet exciton was created and an increase in the device performance was reported.  
   Besides platinum and iridium, also palladium was used.
34
 Using trace quantities of this metal, 
attached to a conjugated polymer, an efficient decay channel was opened for the migration of triplet 
excitons. This enhanced the PCE of the devices 3-10 times. Roberts et al.
21
 explored doping of 
diphenyl tetracene (DPT) system with platinum tetraphenylbenzoporphyrin (Pt(TPBP)) (Figure 2d) in 
bilayer geometry of organic photovoltaic device. This yielded high quantities long-lived triplet 
excitons in the host medium (the efficiency of transfer of porhyrin singlets into DPT triplets was 
85%). Photocurrent measurements of this system revealed an increase of current with increasing 
device thickness, implying that triplet excitons were harvested from the entire absorbing layer.  
   Starting from 2011, different heavy metals were introduced in the OPVs. Zhang
35
 used Fe3O4 
nanoparticles (1 %) in PCBM:P3HT bulk-heterojunction (BHJ) blends and reported an enhancement 
of the PCE by ~18 %. This effect originated primarily from the increase in JSC, which is attributed to 
the magnetic field effect of superparamagnetic Fe3O4 nanoparticles. Almost at the same time Liedtke
36
 
introduced Lu3N nanoparticles in PCBM:P3HT blends, which showed an increased VOC (by 50 %), but 
a) b) 
c) d) 
Figure 2. Chemical structures of some materials which introduce the internal heavy metal effect in organic 
photovoltaics. a) poly(9,9-dioctylfluorene-co-tris(2-phenylpyridine) iridium (III));30 b) N,N’-bis(naphthalen-1-yl)-N,N’-
bis(phenyl)-benzidine, doped with Ir(ppy)3;
32 c) platinum octaethylporphyrin;17 d) platinum tetraphenylbenzoporphyrin.21 
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decreased JSC (by 25 %). The authors concluded that the intramolecular electron transfer in LuN3 
nanoparticles is competing with the photoinduced electron transfer between the polymer and fullerene. 
Further electrical studies showed that the losses of photogenerated charge carriers mainly occurred 
during transport and extraction. Sheng
37
 introduced platinum polymers with one or three 
ethynylbenzyl spacers. Nonlinear optical spectroscopy and quantum chemistry calculations showed 
that the lowest singlet state in the polymer with one ethynylbenzene linker between platinum atoms is 
a metal to ligand charge transfer process, which lies below the π-π* exciton level; whereas the order is 
reversed in the case with three ethynylbenzene linkers between platinum atoms in the polymer. The 
measurements showed higher ISC for the short linker due to stronger spin-orbital coupling. The 
controllable spacer between the intrachain platinum atoms tuned the effective spin-orbit coupling and 
influenced the excited state order of the metal to ligand charge transfer. 
   As iridium has successfully been used for the formation of high energy triplet excitons as a dopant in 
PCBM:P3HT solar cells using the external heavy atom effect, we aimed to study its role as the internal 
heavy metal. The full understanding of the processes involved in the operating principles of the 
photovoltaic devices with the heavy metals is still lacking and new studies will contribute to this 
understanding of the fundamental working principals of OPVs. To study the internal heavy atom 
effect, we introduced polythiophene with iridium complexes. To this end, we designed a new synthesis 
of the random polythiophene copolymer with 25 % of polythiophene with iridium units as well as a 
low molecular weight P3HT polymer, end-capped with the same iridium complex. It was believed that 
such system may have less packing distortions than incorporation of iridium complex as a dopant and 
this, together with the formation of triplet excitons, can yield higher PCE of the system.  
   The research in this chapter was carried with the group of prof. Franco Caccialli fromUniversity 
College London. The photovoltaic measurements were done by Marten Tolk, a member of this group. 
7.2 Synthesis of poly(3-hexylthiophene)-co-poly(3-bromopropyloxythiophene) 
Synthesis of the regioirregular polythiophene copolymer, using Fe
3+
-induced oxidative 
polymerization. The chemical oxidation of thiophenes, using iron(III)chloride, was first reported by 
Sugimoto
38
 and has been used for the preparation of soluble, but low regioregular polythiophenes.
39,40
 
This method was chosen as an easy and convenient route to prove the concept. The synthesis is shown 
in Scheme 1. Starting material (3–bromo-4-methylthiophene) easily reacted with sodium methoxyde 
to give 3-oxymethyl-4-methylthiophene. During the nucleophilic substitution reaction with 3-
bromopropanol, the bromopropoxy group was introduced onto this thiophene. The oxidative 
polymerisation of this compound, together with commercially available 3-hexylthiophene (in a ratio 
1:1) was performed according to Andreani et al.
41
 using four times excess of iron(III)chloride, yielding 
a high molecular weight (MW = 36 kg/mol, corresponding to about 180 monomer units, taking into 
account 1:1 ratio of monomers in a copolymer), but highly polydisperse (PDI ≈ 3) copolymer P1. The 
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very low yield of the polymer (only 6 %) can be attributed to the loss of high MW polymers that 
precipitate from the reaction mixture and cannot be redissolved. Such solubility problems of 
chemically (or electrochemically) prepared polythiophenes have been reported earlier.
42–44
 These 
routes introduce doping of the polythiophenes, yielding highly conductive, but insoluble fractions.  
    
1
H-NMR studies of the soluble fraction of the polymer showed the high regiorandom nature of the 
polymer backbone (Figure 3). The regioregularity of polythiophenes can be easily determined from 
the aromatic region of polythiophene proton spectra, as was reported by several groups.
45–47
 Figure 3 
Figure 3. Aromatic region of proton NMR spectra, recorded for the copolymer P1, showing the regioregularity of 76 %. 
Spectra was recorded from CDCl3 polymer solution. 
Scheme 1. Synthesis of the regiorandom copolymer of 3-hexylthiophene and 3-oxyalkylthiophene, bearing iridium 
complex. Reaction conditions: i) sodium methoxide, N-methylpyrrolidone, Cu(I)Br, 85 °C, 72h, y. 70 %; ii) 2-bromo-1-
propanole, NaHSO4, toluene, 100
 °C, y. 78 %; iii) FeCl3, CCl4, r.t., overnight, y. 6 %; iv) NaN3, DMF, 110
 °C, overnight, 
y. 95 %; v) iridium complex 6 (Scheme 2), CuBr, PMDETA, DCM, r.t., Ar atm. 
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zooms in the aromatic region of polymer P1. The regioregularity of this polymer is only 76.2 % (HT-
HT coupling at 6.98 ppm). The majority of other couplings take TT-HT (9.9 %, peak at δ 7.00), 
whereas HT-HH (δ 7.03 ppm) and TT-HH (δ 7.05 ppm) couplings take 7.4 and 6.5 % respectively. 
From 
1
H-NMR the real ratio of both co-monomer units in the polymer was calculated by comparing 
the integrals of P3HT ring proton (at 6.98 ppm) with the integrals of the CH2 units of 3-
bromopropoxy-4-methyl-thiophene (BPOMT) close to oxygen (4.01 ppm) and bromide (3.62 ppm) 
atoms. Due to the apparently lower reactivity of BPOMT, compared to 3-hexylthiophene, only 25 % 
of this unit (instead of 50 %) was incorporated into the copolymer. Copolymer P1 consists of on 
average 38 monomeric units of BPOMT and 160 units of 3-hexylthiophene. The absorption and 
fluorescence spectra of this polymer, shown in Figure 4, give a Stoke’s shift of 122 nm. The 
absorption maximum of 432 nm is usual for low regioregularity, average MW polythiophenes. 
   The bromide groups in the copolymer were easily converted to azide groups by refluxing the 
copolymer in a dimethylformamide solution with NaN3. This copolymer P2 gave similar UV-Vis 
absorption and fluorescence emission spectra. GPC gave a slightly reduced molecular weight (MW = 
33.8 kg/mol) due to slight MW difference of bromide and azide functional groups (Br ~ 80; N3 ~ 42 
g/mol). The addition of the azide group was also confirmed by infrared spectroscopy, where intensive 
peak at 2096 cm
-1
 appeared. 
Synthesis of the acetylene group bearing iridium complex. The acetylene group bearing iridium 
(III) with three 2-phenylpyridine ligands was synthesized according to the work of Wang et al.
48
 The 
synthesis started from iridium(III)chloride hydrate, which was reacted with 2-phenylpyridine, to give 
the dichloro-bridged dimer 3 (Scheme 2). This dimer reacted with 4-(2-pyridyl) benzaldehyde to give 
compound 4. The reduction of aldehyde with LiAlH4 yielded the alcohol 5. Coupling with the 5-
Figure 4. Absorption and emission spectra of the regiorandom polythiophene copolymer P1, showing the Stoke’s shift of 
122 nm. Spectra is recorded from 10-4 mol chloroform solution. 
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hexynoic acid resulted in the formation of the desired alkyne end-group bearing iridium (III) complex 
6. This compound absorbs UV-Vis light in the range of 322 – 500 nm with a maximum at 377 nm. 
The absorption-emission spectra of this compound are shown in the Figure 5.  
Figure 5. Absorption-emission spectra of iridium complex 6. Spectra is recorded from 10-4mol chloroform solution. 
Scheme 2. Synthesis of the acetylene group bearing iridium complex 6. Reaction conditions: i) 2-ethoxyethanol:water (3:1), 
reflux, 20 h, y. 30 %; ii) 4-(2’-pyridyl)benzaldehyde, AgCF3SO3, 2-ethoxyethanol, 110
 °C, overnight; iii) LiAlH4, THF, r.t., 
overnight, y. 80 %; iv) 5-hexynoic acid, DCC, DMAP, DCM, reflux, overnight, y. 72 % 
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“Click” reaction of the azide functionalized copolymer P2 and alkyne group bearing iridium 
complex 6. For the formation of iridium functionalized copolymer P3 (Scheme 1) we used the 
conventional copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) reaction, introduced into 
organic synthesis by the groups of Sharpless
49
 and Meldal
50
 separately in 2002. For our “click” 
reactions an excess of iridium complex 6 and catalytic amounts of copper(I)bromide with the ligand 
PMDETA were used. The disappearance of the azide peak in the IR spectroscopy (the peak at 2096 
cm
-1
) and the significant growth of MW, recorded by GPC (48.3 kg/mol) support the success of the 
Figure 7. Absorption-emission spectra of the iridium decorated polythiophene copolymer P3. Spectra was recorded 
from 10-4mol chloroform solution in r.t. 
Figure 6. GPC measurements of copolymer P1 and its derivative with an iridium complex P3. The growth in MW 
indicates a successful “click” reaction. Spectra was recorded in tetrahydrofuran. 
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“click” reaction. The GPC results are shown in Figure 6. The iridium copolymer had broader and 
slightly red shifted (maximum is at 435 nm) absorption spectra. The maximum of the fluorescence did 
not change, but significant fluorescence quenching (20.8 %) was observed (P2 had fluorescence 
quantum efficiency (PLQE) of 24 %, whereas P3 – just 3.2 %). Annealed device PLQE difference was 
lower (PLQE of P2 = 26.6 %; P3 = 12.7 %), but still significant – almost 14 %. Taking into account 
that azide group also gives significant PL quenching even higher quenching is observed between P1 
and P3. The absorption and emission spectra are shown in Figure 7.  
Synthesis of the iridium complex end-capped poly(3-hexylthiophene). We also wanted to explore 
the effect of one iridium complex, covalently attached to the end of the P3HT polymer. We have 
chosen the low MW polythiophene, used earlier in the research of (P3HT)2-C60 triad (Chapter 4, 
polymer P1). This polymer has a molecular weight of 2.7 kg mol
-1
, meaning that on average 14 
monomer units are incorporated into this polymer with a very low PDI (1.1). The high regioregularity 
of this polymer (98 %) led us to a quite high absorption maximum (432 nm) for a low MW 
polythiophene. This polymer, synthesized by slightly modified Grignard metathesis polymerisation, 
developed by Lohwasser et al.
51
 has a bromide end-group that enables the incorporation of an azide at 
the end of the chain, which can be used by the “click” reaction to attach the iridium complex 6. The 
synthesis is depicted in the Scheme 3.
 1
H-NMR and IR spectroscopy proved the formation of the 
desired product P4. Solution absorption and emission spectra are shown in Figure 8. The UV-Vis 
absorption maximum blue shifted (416 nm), probably due to influence of iridium complex, which 
absorbs at lower wavelengths (λmax = 377 nm, Figure 5). GPC is not a good indicator for product 
formation, as the difference between the molecular weights of P3HT-N3 and P4 is only 0.78 kg mol
-1 
(one iridium complex attached). 
 
 
Scheme 3. Synthesis of the P3HT polymer, end-capped with the iridium complex. Reaction conditions: i) DCM, CuBr, 
PMDETA, r.t. 
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7.3 Properties of poly(3-hexylthiophene)-co-poly(3-bromopropyloxythiophene) 
Solid state absorption of the compounds. Before constructing the devices and measuring their 
performance, the packing behaviour of the iridium-decorated polythiophenes was explored. Well-
defined packing of the polythiophene chains is very important for the mobility of charge carriers and 
thus for device performance. Chain packing was explored using solid-state UV-Vis absorption. Thin 
films of polymers P1, P3, P3HT-N3 and P4 were prepared by drop-casting polymer solutions on a 
glass substrate. For comparison, thin films of commercial P3HT were also prepared (regioregular 
P3HT from American Dye Source with MWs ranging from 10 - 35 kg mol
-1
). All spectra are shown in 
Figure 9. Data of solution and solid state absorptions and the difference between those two 
measurements is given in the Table 1.  
Photovoltaic studies of regiorandom polymers. Devices were prepared similar as was explained in t 
Chapter # (Figure 5) with the difference that polythiophenes P1-P4 instead of P3HT were used in a 
Table 1. Comparison of solution and solid state absorption spectra of the synthesized polythiophenes. 
 
Name λmax, nm Solid state absorption 
λmax, nm 
Difference, nm 
P1 432 422 -10 
P3 435 447 +12 
P3HT-N3 432 467 +35 
P4 416 457 +41 
Figure 8. Absorption-emission spectra of the iridium decorated polythiophene copolymer P4. Spectra was recorded 
from 10-4 mol chloroform solution. 
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mixture with PCBM (1:0.8). The preparation procedure of the devices is given the experimental part. 
Short-circuit current densities (JSC) and power conversion efficiencies (PCE) were recorded for all 
devices. JSC was recorded in the dark and after illumination both before annealing and after annealing. 
All measured J-V curves are given in Figure 10, where 10a and 10b show the dark J-V curves (10b 
on a logarithmic scale) and 10c and 10d show the illuminated curves of the same devices (10d again 
on a logarithmic scale). As can be seen, in all the devices the open circuit voltage does not exceed 0.6 
V, which is very low for polythiophene/PCBM devices. 
   In the introduction of this thesis it was described that J-V curves quantitatively characterize the 
performance of the OPV devices. From this curve, the main characteristics (JSC, VOC, FF), determining 
the performance of the devices can be derived. Without illumination, there is no current under short 
circuit conditions. In the dark, the solar cell is like a large flat diode. At low voltages, the J-V 
characteristics are primarily determined by the shunt resistance Rsh (accounts for the leakage currents). 
In the dark J-V characteristics is often negligible,
1
 as Rsh→∞ and J~0. At intermediate voltages, the J-
V characteristics are determined by the diode parameters J0 (reverse bias saturation current density) 
and n (diode ideality factor) (those factors account for recombination currents) and at high voltages J-
V characteristics depend on the series resistance RS.
52
 Under illumination, the incident photons 
generate current and a negative current density (J) is recorded as an indicator of the photo-generated 
current.  
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Figure 9. Solid state absorption spectra of the prepared polythiophenes and their derivatives with iridium complexes. 
For the comparison, rerioregular commercial P3HT was taken (black squares).Endc,prec = P3HT-N3; endcapped = 
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    The end-capped polymer P3HT-N3 showed the highest JSC and VOC values, as well as the highest 
PCE. Unexpectedly, all of the characteristics dropped significantly after annealing, which is unusual. 
We hypothesise that the annealing temperature for default PCBM:P3HT mixtures (150 °C) is too high 
for our samples, and that degradation of lowest MW fractions in the thin films lead to the reduced 
Figure 10. Dark (a and b) and illuminated (c and d) J-V curves of the commercial P3HT (ADS), the end-capped precursor 
(P3HT-N3), end capped polythiophene (P4), copolymer precursor (P1) and copolymer (P3). 
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efficient film fraction. The JSC and FF of the annealed device with the end-capped P3HT polymer P4 
also decreased, compared to the sample before annealing, however VOC was significantly improved 
resulting in a similar PCE before and after annealing. Overall, however, the PCE of polymer P4 was 
lower than that of its precursor P3HT-N3.  
   Copolymer P1 did not show ideal characteristics and a very low PCE was recorded for this device. 
Annealing of the device had no significant influence on the characteristics influencing PCE. The 
iridium bearing copolymer P3 showed a higher PCE. The VOC reduced after annealing, but the JSC 
increased. The improvement in JSC for this copolymer was recorded both in the dark and illuminated 
samples, indicating that not only increased charge carriers mobility was responsible for this increase. 
It might be that the heavy atom effect enhanced inter system crossing and thus triplets were introduced 
into the system, causing the higher PCE. Values of JSC, VOC, FF and PCE of the devices are shown in 
the Figure 11a. The incident photon-to- current efficiencies (IPCE) of the devices was also measured. 
The results are shown in the Figure 11b. The IPCE values of the devices, as expected, were also very 
small, not exceeding 10 % (for comparison, commercial P3HT (ADS) showed 60 % efficiency). 
Despite the promising results for iridium-containing copolymer P3, such small IPCE values (less than 
10%) stimulated us to search for more optimum materials and not explore this particular polymer 
further. 
   The regio-randomness of polythiophenes P1-P3 was one of the reasons, causing the low IPCE 
values of this copolymer, and hence the focus was changed to highly regioregular polymers with 
relatively high MW (> 20 kg mol
-1
).  
Figure 11. Values of JSC, VOC, FF, PCE (a) and IPCE (b) of the prepared devices. 
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7.4 Synthesis and properties of poly(3-hexylthiophene)-co-poly(3(6-bromohexyl)thiophene) 
Regioregular polythiophenes. Syntheses of the highly regioregular polythiophenes first have been 
reported by McCullough in 1992,
53
 followed by Rieke.
54
 Later, other methods, like the Stille 
coupling
55
 or Suzuki coupling
56
 were introduced. All the described methods need to be performed at 
cryogenic temperatures. Here, the Grignard metathesis polymerisation method (GRIM) was chosen, 
since it is an easier and more cost-effective preparation technique for highly regioregular 
polythiophene.
57
 The mechanism of the GRIM reaction was clearly explained in Chapter 2 (Scheme 
4). 
   An initial approach using 3-hexylthiophene and 4-methyl-3-bromopropoxythiophene (Scheme 1, 
compound 2) was chosen. As such, the 2,5-dibromo derivative of 2 (Scheme 4, compound 7) was 
synthesized, using the conventional radical bromination method with N-bromosuccinimide (NBS).
58
 
Following the same procedure, 2,5-dibromo-3-hexylthiophene 8 was prepared. The copolymerisation 
of these two compounds was not trivial. Several procedures were tried, including varying the 
polymerisation temperature;
51,59,58
 even refluxing of the reaction mixture. However, only 1-2 % of 4-
methyl-3-bromopropoxythiophene was incorporated in the P3HT polymer. Since such a small amount 
Scheme 4. Possible synthesis scheme of the regioregular polythiophene copolymer with 3-hexylthiophene and 3-
bromooxypropyl-4-methylthiophene. Bromo oxypropyl group bearing thiophene appeared to be non-reactive in Grignard 
methathesis polymerisation due to oxygen atom, directly attached to the thiophene molecule. 
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of iridium would not significantly affect the PCE of the devices, a new random copolymer was 
designed, consisting of 3-hexylthiophene and 3-(6-bromohexylthiophene) units (Scheme 5, P7). Its 
synthesis started from 3-bromothiophene, to which a bromohexyl chain was added using butyl lithium 
and 1,6-dibromohexane.
60
 Subsequent bromination with NBS yielded 2,5-dibrominated thiophene, 
which easily formed the copolymer P5 with 2,5-dibromo-3-hexylthiophene in a GRIM reaction at 
room temperature.
61
 Soxhlet extractions with methanol, pentane, hexane and tetrahydrofuran were 
used to wash the monomers and catalyst, and to separate the copolymer to lower and higher MW 
fractions with low PDIs. The methanol fraction, containing small molecules and the catalyst was 
discarded, whereas the other three fractions were examined by GPC. The results are shown in Table 2. 
Pentane and hexane fractions showed very low PDIs of the copolymer, however also low MW which 
we expect to lead to the low PCEs (as it was in the case of P4). Consequently, for the “click” reactions 
the high MW tetrahydrofuran fraction was chosen. In this fraction, a regioregularity of 95 % was 
Scheme 5. Synthesis of the regioregular copolymer, consisting of P3HT and poly(3-(6-bromohexylthiophene)) units (P5), 
azide formation (P6) and the “click” reaction, leading to the polythiophene copolymer with iridium complex P7. Reaction 
conditions: i) hexane, -45 °C, n-BuLi, THF, 1,6-dibromohexane, y. 40 %; ii) NBS, CH3COOH, THF, y. 75 %l iii) LiCl, 
THF, iPr-MgBr, Ni(dppp)Cl2, 70 °C; iv) NaN3, DMF, 110 °C, y. 94 %; v) DCM, PMDETA, CuBr, 12 h, r.t., y. 45 %. 
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calculated, from the different HT-HT, HT-HH and TT-HH resonances in the aromatic region of the 
1
H 
– NMR spectrum. The 1H - NMR spectrum showed the incorporation of 25 mol% of 3-(6-
bromohexylthiophene) units in the copolymer, a very similar percentage to the thiophene units in the 
regiorandom copolymer P3. This allowed us to explore the influence of the regioregularity in the 
copolymer.
 
 
   The bromide end-groups were easily converted into azides by refluxing copolymer in DMF with 
NaN3, giving clickable copolymer P6 that allowed us to perform the “click” reaction with the iridium 
complex 6 and to get the desirable copolymer P7. The successful synthesis of P7 was proved by 
1
H- 
NMR and GPC. The 
1
H-NMR spectra of iridium complex (top spectrum), the polythiophene 
copolymer precursor P6 (middle spectrum) and that of the product P7 (bottom spectrum) is shown in 
Fractions Mn, kg mol
-1 
MW, kg mol
-1
 PDI 
P5-pentane 3.12 3.29 1.055 
P5-hexane 4.06 4.65 1.14 
P5-tetrahydrofuran 19.53 31.21 1.57 
Figure 12. 1H-NMR spectra of irdium complex (compound 6, top), polythiophene copolymer (P6, middle) and iridium 
decorated copolymer (P7, bottom). Spectra were recorded from CDCl3 solution. 
Table 2. GPC results of the regioregular polythiophene copolymer P5 fractions. 
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Figure 12. The concentration of the iridium complex in the copolymer is not high and the spectrum of 
the high MW copolymer is broad, therefore the presence of iridium complex in the copolymer can be 
detected only by enhancing some areas of the spectrum. The enhanced aromatic part of the spectrum is 
shown in Figure 13. The GPC analysis also indicated the successful synthesis of the polymer. The 
increase of the MW by 11 809 g mol
-1
 showed the incorporation of about 15 iridium complexes. No 
difference in solution absorption and emission spectra, compared to those of precursor P5, similar to 
the P1-P3 results was recorded.  
   The solubility of the iridium decorated polythiophene copolymer P7 was however very poor. 
Although high enough for routine analysis, the preparation of the solar cell devices for PCE and QE 
measurements was not possible. Refluxing the polymer in o-DCB overnight did not result in full 
dissolution. The polymer solution was filtered and incorporated in the blend with PCBM, but this, 
however, yielded PCE of 0 %. This can be explained by too low concentration of P7 in the blend, 
yielding much higher PCBM content.  
Figure 13. 1H-NMR spectra of irdium complex (compound 6) and iridium decorated copolymer (P7), taken from CDCl3 
solution. 
P7 
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7.5 Conclusions and outlook 
Synthesis of high MW polythiophene copolymers with different regioregularities was designed and 
successfully performed using two different routes: chemical oxidation with FeCl3 (regioirregular 
copolymer route) and Grignard methathesis polymerisation (regioregular polymer route). A 
subsequent “click” reaction, using PMDETA and CuBr, yielded the iridium complex decorated 
copolymers, suitable to study the internal heavy metal effect in organic photovoltaics. The success of 
the synthesis was proven by 
1
H-NMR and GPC spectroscopies. The regioirregular copolymer with 
iridium showed an enhanced PCE, compared to its precursor. Low PCE values of the regiorandom 
copolymers, however, hampered the positive assignment that this increase in PCE was indeed due to 
the internal heavy atom effect brought upon the iridium complexes. The regioregular iridium 
decorated copolymer was too insoluble for device manufacture. Though the low PCE of regiorandom 
copolymer and the poor solubility of regioregular iridium decorated copolymer prevented us from 
making any solid case for our hypothesis, the successful synthesis route of the novel iridium decorated 
polythiophenes can be further used for the synthesis of other polythiophene copolymers. The synthesis 
of lower MW regioregular polythiophene copolymers, similar to P5, may be the best starting point for 
the examination of iridium decorated species. Even if they will not enhance the PCE of the 
photovoltaic devices due to their low MW, they may be a good model material with good solubility and 
high similarity to the high MW polymer. The mechanism of heavy metal effect in organic 
photovoltaics is, at this stage, still complex and needs much more investigation in order to enhance our 
knowledge about this topic. 
7.6 Experimental part 
1. General procedures and equipment 
The reagents were purchased commercially and used as received, unless noted otherwise. The 
solvents, used during the synthesis, were distilled under nitrogen atmosphere before use; 
tetrahydrofuran (THF) was distilled over sodium; dichloromethane over CaH2 and chloroform over 
CaCl2. Silica gel (0.063 – 0.200 mm), used for the column chromatography, was purchased from J.T. 
Baker, while the Silica Gel 60 F254 (1 mm pores) coated glass plates, used for the Thin Layer 
Chromatography, were obtained from Merck. 
   All NMR measurements were performed at a room temperature, with the chemical shifts (δ) reported 
in ppm relative to tetramethylsilane (TMS). 
1
H-NMR spectra were recorded on Varian Inova 400 MHz 
instruments, while 
13
C-NMR spectra were recorded on a Bruker DMX 300 MHz instrument. FT-IR 
spectra were obtained using a Bruker Tensor 27 (DTGS detector (12 K - 250 cm
-1
); KBr beam splitter 
(4000 - 370 cm
-1
)). Gel permeation chromatography (GPC) was performed, using a Shimadzu 
instrument with THF as a solvent, and polystyrene as a standard. Absorption spectra were recorded on 
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a Perkin Elmer Lambda2 Spectrometer, while a Perkin Elmer LS 55 Fluorescence was used to 
measure both emission and excitation spectra. 
2. Synthesis of the regiorandom copolymer P3 
3-Methoxy-4-methylthiophene (1).
62
 All the glass-ware was flashed with the nitrogen 
before use. 3-Bromo-4-methylthiophene (5 g, 0.0282 mol) was added to a mixture of 
sodium methoxide (18 mL of 25 % solution in methanol), N-Methylpyrrolidone (7 mL) 
and copper (I) bromide (2.5 g, 0.0174 mol) under nitrogen atmosphere and the reaction 
mixture was heated at 85 °C for 3 days. The mixture was cooled down, filtered and washed 
with water. The crude mixture was extracted several times with diethyl ether, than dried over sodium 
sulphate, filtered and the solvent was evaporated. The crude mixture was purified by column 
chromatography (heptane, heptane-diethyl ether 3:1). After evaporation of the solvent, a colorless oil 
was obtained. Yield: 1.2332 g (34 %).  
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.825 (m, 1H, 2), 6.16 (d, 1H, J = 3.17Hz, 5), 3.82 (s, 3H, 7), 
2.09 (dd, 3H, 6). 
13
C-NMR (75 MHz, CDCl3, ppm): δ 155.54, 129.79, 120.16, 97.12, 57.65, 12.71. 
3-(3-Bromopropoxy)-4-methylthiophene (2).
63
 1 (1.2332 g, 0.0096 mol, 1 eq) was 
dissolved together with 2-bromo-1-propanole (1.8 mL, 0.0202 mol, 2.1 eq) in 5 mL of 
dry toluene and then sodium hydrogen sulphate (0,462 g, 0,0038 mol, 0,4 eq) was 
added. The mixture was heated until the produced methanol was distilled off and the 
temperature rose to 100 °C. The product was cooled and washed with water and diethyl 
ether. The organic phase was dried with sodium sulphate. After evaporation of the 
solvent, a yellow liquid was obtained, which was purified by column chromatography 
(silica gel, eluent: heptane). Colourless oil was obtained with a yield of 1.7697 g (78 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.83 (m, 1H, 2), 6.182 (d, 1H, J = 3.24Hz, 5), 4.077 (t, 2H, J = 
5.8Hz, 7), 3.593 (t, 2H, J = 6.55Hz, 9), 2.326 (m, 2H, 8), 2.085 (dd, 3H, J = 0.84; 0.33Hz, 6). 
13
C-NMR (75 MHz, CDCl3, ppm): δ 155.06, 129.18, 120.33, 97.23, 69.65, 33.20, 29.20, 12.73. 
Poly(3-hexylthiophene)-co-poly(3-bromopropoxy-4-methyl-thiophene) (P1).
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The reaction was performed under argon atmosphere. 3-Hexylthiophene (0.2655 
g, 0.00158 mol, 1eq) and 2 (0.371 g, 0.0015 mol, 1 eq) were dissolved in carbon 
tetrachloride (45 mL). Dry FeCl3 (2.0472 g, 0.0126 mol, 4 eq) was added and the 
reaction mixture was stirred in room temperature overnight. The mixture was 
poured into a 500 mL of methanol and few drops of hydrazine were added. After 
stirring the reaction mixture for 0.5 h, an insoluble fraction was filtered to a 
Soxhlet thimble. Small molecules and oligomers were removed by a subsequent 
Soxhlet extraction in MeOH and pentane. The final polymer was extracted with 
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chloroform. Removal of the solvent and drying under vacuum yielded 41 mg (6 %) of the copolymer. 
Still a large insoluble fraction was left in a thimble. De-doping with a 7 N ammonia solution did not 
give a soluble fraction. 
Integrations are given according to the proton of 3-hexylthiophene at 6.98 ppm. 
1
H-NMR (400 MHz, 
CDCl3, ppm): δ 6.98 (1H, 1), 4.01 (0.5H, 9), 3.6 (0.5H, 11), 2.8 (3H, 2), 2.30 (1H, 10), 2.17 (0.5H, 8), 
1.69 (3H, 3), 1.34 (7.3H, 4-5), 1.28 (2.5H, 6), 0.91 (6H, 7). 
13
C-NMR (75 MHz, CDCl3, ppm): δ 160.60, 146.57, 145.42, 144.67, 142.96, 137.89, 135.28, 127.70, 
125.33, 124.97, 103.38, 68.03, 66.41, 62.68, 60.73, 39.07, 36.89, 34.18, 31.81, 29.81, 29.00, 29.38, 
27.31, 22.94, 21.70. 
GPC (THF, 1 mg/mL flow, PS standard): Mn = 12.23 kg/mol, MW = 36.38 kg/mol. PDI = 2.97. 
UV-Vis: λmax = 432 nm; PL: λmax = 554 nm. 
Poly (3-hexylthiophene)-co-poly (3-azidopropoxy-4-methyl-thiophene) (P2). The reaction was 
performed under argon atmosphere. Polymer P1 (0.039 g, 1eq) was dissolved in a dry dimethyl 
formamide (10 mL), NaN3 (0.1079 g, 10eq) was added and the reaction mixture was refluxed at 110 
°C overnight. After cooling the reaction to room temperature, water was added to precipitate the 
polymer. The reaction mixture was extracted 3 times with chloroform. Organic layers were combined 
and washed 3 times with water. The product was dried under Na2SO4, filtered, the solvent was 
removed under rotary evaporation and finally the material was dried under reduced pressure, yielding 
0.035 g (95 %) of the polymer. 
1
H-NMR and 
13
C-NMR, very similar to P1 were recorded. 
FT-IR: 3644.7, 2957.43, 2912.36, 2870.49, 2096.43, 1430.59, 1361.07, 1259.78, 1230.30, 1156.35, 
1022.05, 803.61. 
GPC (THF, 1 mg/mL flow, PS standard): Mn = 10.07 kg/mol; MW = 33.79 kg/mol. PDI = 3.36. 
UV-Vis: λmax = 432 nm; PL: λmax = 555 nm. 
(P3). Copolymer P2 (100 mg) and iridium compound 6 (50 mg) were dissolved in 10 mL of dry 
dichloromethane, which had been degassed by three freeze-pump-thaw cycles. Under an argon 
atmosphere, PMDETA (0.0028 g) was added, the solution was stirred, then copper (I) bromide 
(0.0023 g) was added and the reaction mixture was stirred overnight. Afterwards 5 mL of 1M NH4Cl 
solution was injected, and stirred for 0.5 h to fully quench Cu salt. The polymer was precipitated in 
MeOH, filtered, and washed several times with MeOH and pentane. The product was dried under 
vacuum for 24 h. 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.77, 7.46, 7.19, 6.98, 6.725, 4.83, 3.68, 2.73, 2.53, 2.22, 2.08, 
1.935, 1.78, 1.28, 0.84. 
13
C-NMR (75 MHz, CDCl3, ppm): δ 139.28, 133.19, 130.01, 128.10, 31.20, 30.02, 28.98, 28.77, 
22.15, 13.62. 
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GPC (THF, 1 mg/mL flow, PS standard): Mn = 17.915 kg/mol, MW =.49.79 kg/mol. PDI = 2.78. 
UV-Vis: λmax = 439 nm; PL: λmax = 555.5 nm. 
3. Synthesis of iridium complex 6 (Scheme 2) 
(ppy)2Ir(μ-Cl)2Ir(ppy)2 (3). Synthesised according to Laskar.
64
 IrCl3*3H2O (0.184 g, 0.62 mmol, 1eq) 
and 2-Phenylpyridine (0.2009 g, 0.0013 mol, 2.1 eq) were refluxed in the mixture of 2-ethoxyethanol 
and water (40 mL in a ratio 3:1) for 20 h. The reaction mixture was cooled to room temperature and 20 
mL of 1 M HCl solution was added to precipitate the product. The product was filtered, washed with 1 
M HCl, following by the wash with methanol. The product was dried under vacuum. Yield: 0.1950 g 
(30%) of a yellow solid.  
1
H-NMR (400 MHz, CDCl3, ppm): δ 9.24 (d, 4H, J = 5.74Hz), 7.87 (d, 4H, J = 7.64Hz), 7.73 (t, 4H, J 
= 8.84Hz), 7.49 (d, 4H, J = 7.56Hz), 6.76 (m, 8H), 6.56 (t, 4H, J = 7.35Hz), 5.93 (d, 4H, J = 7.77Hz). 
LC-MS: m/z 1080 g mol
-1
. 
Bis-(2-phenylpyridyl)-2-(4’-formylphenyl) pyridine iridium (III) (4). The 
compound was synthesised according to Wang.
48
 A mixture of 3 (0.073 g, 0.7 
mmol, 1 eq), 4-(2’-pyridyl) benzaldehyde (0.249 g, 1.4 mmol, 2 eq), AgCF3SO3 
(0.037 g, 1.4 mmol, 2 eq) and 2-ethoxyethanol (20 mL) was freeze-pump-thaw 
degassed and then heated at 110 °C for 24 h. The solution was cooled to room 
temperature and water (20 mL) was added. The precipitate was filtered, dried in 
the air and material was dissolved in dichloromethane. The solution was 
concentrated and the residue was subjected to SiO2 chromatography using dichloromethane as the 
eluent. The pure product was isolated as a red solid. Yield: 0.0375 g (40.3 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 9.68 (s, 1H, 1), 7.98-7.41 (m, 12H), 7.00-6.725 (m, 8H). 
13
C-NMR (75 MHz, CDCl3, ppm): δ 193.9, 157.9, 147.2, 140.35, 137.5, 137.0, 136.5, 135.9, 129.75, 
127.5, 125.8, 124.6, 123.5, 122.32, 120.4, 120.1, 119.1, 118.8, 110.5, 106.8, 106.4. 
Bis-(2-phenylpyridyl)-p-hydroxymethyl-(2-pyridyl) benzene iridium (III) (5). The reaction was 
performed under argon atmosphere. Compound 4 (27 mg, 0.04 mmol) was dissolved in 20 mL of dry 
THF. The reaction mixture was cooled in an ice bath and LiAlH4 (4.5 mg, 0.11 mmol) was added. 
After stirring the mixture for 15 min, the ice bath was removed and the mixture was stirred in a room 
temperature overnight, upon which the solution gradually turned from bright orange-red to yellow. 
The reaction mixture was quenched with water (10 mL). The resulting solution was extracted twice 
with CH2Cl2. The organic layers were combined, washed three times with water and the product was 
dried over sodium sulphate. The solvent was removed to give a target compound. Yield: 0.0216 g (80 
%). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.99 (m, 1H), 7.87 (m, 3H), 7.67-7.50 (m, 10H), 6.97-6.76 (m, 
15H), 4.40 (m, 2H), 3.74 (t, J = 5.83 Hz, 1H). 
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Bis-(2-phenylpyridyl)-4-(pyridin-2-yl) benzyl-hex-5-ynoate iridium (III) (6). A mixture of 5 
(0.0216 g, 0.031 mmol), 5-hexynoic acid (0.0158 g, 0.14 mmol), 
dicyclohexylcarbodiimide (DCC) (0.0292 g, 0.14 mmol) and 
dimethylaminopyridine (DMAP) (0.0023 g, 0.019 mmol) in 
dichloromethane (10 mL) was refluxed overnight under an argon 
atmosphere. After cooling the reaction mixture to room temperature, it 
was washed with water and dried under sodium sulphate. After filtering 
off the sale and concentrating the product, the crude mixture was 
subjected to the column chromatography (eluent: dichloromethane). The 
pure product collected as a yellow solid. Yield: 0.0177 g (72 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.87 (m, 2H), 7.59 (m, 7H), 6.87 
(m, 10H), 4.92 (s, 2H, 7), 2.39 (t, J = 7.36 Hz, 2H, 3), 2.23 (m, 2H, 5), 1.95 (t, J = 2.61 Hz, 1H, 1), 
1.79 (m, 2H, 4). 
LC-MS: m/z 783 g mol
-1
. 
4. Synthesis of the regioregular copolymer (Scheme 5) 
2,5-Dibromo-4-methyl-3-bromopropoxy-thiophene (7). 4-Methyl-3-
bromopropoxy-thiophene 2 (1.7697 g, 0.0075 mol, 1 eq) was dissolved in a dry 
tetrahydrofuran (20 mL). To the solution 12 mL of the acetic acid was added, 
following by the addition of N-bromosuccinimide (2.813 g, 0.0158 mol, 2.1 eq). 
After stirring the reaction mixture overnight, 20 mL of water was added and the 
reaction mixture was stirred for additional 10 min. Product was extracted with ethyl 
acetate. Organic phase was dried over sodium sulphate and the product was purified by column 
chromatography (silica gel, eluent: heptane). The colourless oil was obtained with a yield of 2.7348 g 
(92 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 4.13 (t, 2H, J = 5.74 Hz, 7), 3.66 (t, 2H, J = 6.42 Hz, 9), 2.29 (m, 
2H, 8), 2.09 (s, 3H, 6). 
13
C-NMR (75 MHz, CDCl3, ppm): δ 151.91, 131.69, 106.78, 95.50, 70.41, 32.56, 29.27, 12.55. 
2,5-Dibromo-3-hexyl-thiophene (8). The same procedure was used as it was described above for the 
compound 7. Amounts of reactants: 3-hexylthiophene (5 g, 0.00297 mol, 1 eq), N-bromosuccinimide 
(11.6327 g, 0.0654 mol, 2.2 eq), acetic acid (35 mL), tetrahydrofuran (50 mL). As the purification 
with the column chromatography (silica gel, heptane) did not give the pure compound, it was 
subjected to the vacuum distillation (1 mbar, collected product with vapour temperature of 130 °C). A 
slightly yellow liquid was obtained (7.021 g, 72.5 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.77 (s, 1H), 2.48 (t, J = 7.57 Hz, 2H), 1.53 (m, 2H), 1.29 (m, 
6H), 0.89 (t, J = 6.76 Hz, 3H). 
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Poly ((3-hexylthiophene)-co-(4-methyl-3-bromopropoxythiophene)). The reaction was performed 
under an argon atmosphere. Lithium chloride (0.26 g, 0.00601 mol) was dried under vacuum while 
heating. It was dissolved in a dry tetrahydrofuran. To the solution, 2,5-dibromo-3-hexylthiophene (1 g, 
0.00307 mol) and 2,5-dibromo-4-methyl-3-bromopropoxythiophene (0.50 mL) were added. To this 
solution isopropyl magnesium bromide (3 mL of 2 M solution in THF) was added. The solution stirred 
for 4 h. Afterwards the reaction solution was diluted with 30 mL of dry tetrahydrofuran and 
Ni(dppp)Cl2 (0.0166 g, 0.000031 mol) was added. The reaction was stirred overnight. The 
polymerisation was quenched with 6 mL of 5N HCl, and the reaction mixture was stirred for 0.5 h, 
while cooling. Polymer was precipitated in methanol. Dark powder was filtered off into a Soxhlet 
thimble and product was extracted with methanol, pentane, hexane, dichloromethane and chloroform.  
Only poly (3-hexylthiophene) was formed and no traces of 4-methyl-3-bromopropoxythiophene units 
were detected in the copolymer. 
Scheme 6 
3-(6-Bromohexyl) thiophene (9). The compound was synthesized according to Zhai.
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Hexane was distilled prior to use, by collecting middle fraction with a boiling point of 
60-70 °C. The reaction was performed in an argon atmosphere. 3-Bromothiophene (5 
g, 0.0307 mol, 1 eq) was dissolved in 30 mL of hexane. The solution was cooled down 
to -45 °C. To this solution, n-butyl lithium solution (21.08 mL of 1.6 M solution in 
hexanes) was added drop wise. After full addition, the solution was stirred for an 
additional 15 min. Afterwards approximately 15 mL of THF was added to a reaction 
mixture, until white salt precipitated. The solution was stirred for 1 h, warming to -10 
°C. Again 10 mL of THF was added, following with the addition of 1,6-dibromohexane (29.9276 g, 
0.1227 mol, 4 eq). The mixture was stirred at room temperature for 3 h. Product was extracted with 
diethyl ether and washed with water. Dried over Na2SO4, filtered, and concentrated. The excess of the 
initial material was distilled under vacuum distillation (vapour temperature 95 °C). The crude mixture 
was purified by column chromatography (silica, eluent: pentane), yielding 2.9798 g (40 %) of a 
slightly yellow liquid. 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.235 (m, 1H, 4), 6.93 (m, 2H, 1 and 3), 3.40 (t, J = 6.84 Hz, 2H, 
11), 2.63 (t, J = 7.34 Hz, 2H, 6), 1.86 (m, 2H, 10), 1.64 (m, 2H, 7), 1.47 (m, 2H, 9), 
1.36 (m, 2H, 8). 
13
C-NMR (75 MHz, CDCl3, ppm): δ 142.37 (2), 127.71 (3), 124.68 (4), 119.41 (1), 
33.44 (11), 32.24 (10), 29.84 (7), 29.63 (6), 27.90 (8), 27.49 (9). 
2,5-Dibromo-3-(6-bromohexyl) thiophene (10). The same procedure as it was 
described above for the compound 7 was employed. Amounts of the reactants: 
compound 9 (1.1889 g, 0.0048 mol, 1 eq), N-bromosuccinimide (1.7976 g, 0.0101 
mol, 2 eq), acetic acid (10 mL), tetrahydrofuran (20 mL). Column chromatography 
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(silica, pentane) yielded product as a slightly yellowish oil (1.4535 g, 75 %). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.76 (s, 1H, 2), 3.41 (t, J = 7.24 Hz, 2H, 11), 2.52 (t, J = 7.53 Hz, 
2H, 6), 1.86 (m, 2H, 10), 1.56 (m, 2H, 7), 1.46 (m, 2H, 9), 1.34 (m, 2H, 8). 
Poly ((3-hexylthiophene)-co-(3-(6-bromohexyl) thiophene)) (P5). The reaction was performed 
under an argon atmosphere. Lithium chloride (0.057 g, 0.00134 mol, 1 eq) was dried under vacuum 
while heating. It was dissolved in dry tetrahydrofuran (9 mL). 2,5-Dibromo-3-hexylthiophene (2.1921 
g, 0.00672 mol, 3 eq) and 2,5-dibromo-3-(6-bromohexyl) thiophene (0.5445 g, 0.00134 mol, 1 eq) 
were added to the reaction vessel. To this solution isopropyl magnesium bromide (2.65 mL of 2M 
solution in THF) was added. The solution was stirred for 4 h. Afterwards the reaction solution was 
diluted with 20 mL of dry tetrahydrofuran and Ni(dppp)Cl2 (0.0073 g, 0.0135 mol, 0.001 eq) was 
added. The reaction was stirred while heating at 70 °C overnight. After cooling the solution to the r.t., 
the polymerisation was quenched with 6 mL of 5N HCl, stirred for 0.5 h, while cooling the solution. 
Polymer was precipitated in methanol, filtered off into a Soxhlet thimble and extracted with methanol, 
pentane, heptane, and tetrahydrofuran. 
Measurements of THF fraction: 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.98, 3.75, 3.42, 2.81, 2.55, 1.88, 1.69, 1.34, 0.92. 
13
C-NMR (75 MHz, CDCl3, ppm): δ 139.40, 138.93, 134.17, 133.07, 129.84, 128.10, 125.01, 121.05, 
67.48, 33.37, 32.24, 31.20, 30.02, 29.83, 28.98, 28.77, 28.13, 27.50, 22.16, 13.64. 
GPC (THF, 1 mg mL
-1
 flow, PS standard): Mn = 19.53 kg mol
-1
, MW =.31.21 kg mol
-1
. PDI = 1.57. 
UV-Vis: λmax = 450 nm; PL: λmax = 568 nm. 
Poly ((3-hexylthiophene)-co-(3-(6-azidohexyl) thiophene)) (P6). The reaction was performed under 
an argon atmosphere. Polymer P5 (0.080 g, 1eq) was dissolved in a dry dimethyl formamide (10 mL), 
NaN3 (10 eq) was added and the reaction mixture was refluxed at 110 °C overnight. After cooling 
down the mixture to a room temperature, water was added to precipitate the polymer. The reaction 
mixture was extracted 3 times with chloroform. Organic layers were combined and were washed 3 
times with water. The product was dried under Na2SO4, filtered, solvent was removed under rotary 
evaporation and finally the material was dried under reduced pressure, yielding 0.075 g (94 %) of the 
polymer. 
1
H-NMR (400 MHz, CDCl3, ppm): δ 6.98, 3.42, 3.28, 2.80, 2.57, 1.90, 1.71, 1.62, 1.46, 1.34, 0.91. 
P7. The product was synthesized following the same procedure as for copolymer P3. m (P6) = 0.060 
g; m (compound 6) = 0.030 g. Yield: 0.028 g (45%). 
1
H-NMR (400 MHz, CDCl3, ppm): δ 7.73, 7.52, 7.08, 7.06, 7.00, 6.98, 6.82, 6.02, 3.41, 3.27, 3.05, 
2.82, 2.54, 2.17, 1.88, 1.70, 1.44, 1.34, 1.27, 1.06, 0.91. 
The solubility of the product was too low to measure 
13
C-NMR.  
GPC (THF, 1 mg mL
-1
 flow, PS standard): Mn = 26.80 kg mol
-1
, MW =.43.02 kg mol
-1
. PDI = 1.61. 
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UV-Vis: λmax = 450 nm; PL: λmax = 568 nm. 
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Summary 
The growth of the world population and industrial activity together with a rapid decline of the world’s 
main power source, oil, pushes humanity to look for alternative energy sources. The most powerful 
renewable energy source is the Sun light, as in 90 min enough sunlight strikes the Earth to provide the 
entire planet’s energy needs for one year (198 Wm2s-1 or 885 million TWh per year). The enormous 
attention for photovoltaic (PV) energy is mirrored in the research effort directed at improving PV 
devices (solar cells). The best performing cells currently consist of double-junction using concentrated 
light and giving an efficiency of 44.4 %, but in order to reduce the costs of solar cells and 
environmental impact, and to enhance scalability and usage possibilities in unconventional 
applications, organic photovoltaic cells are emerging. It is easy to find out that the active layer 
materials and their so called “architecture” in the OPV device are the main factors, influencing the 
performance of the device. The control of the nanoscale morphology (microstucture of the blend) is 
critical to ensure that all excitons are collected and dissociate and that the free charges are transported 
to their respective electrodes.  
   We synthesized highly regioregular, low PDI poly(3-hexylthiophene) polymer, bearing a bromide-
end group via GRIM polymerization. This polymer showed high crystallinity (XRD data). After 
simple nucleophilic substitution reaction with sodium azide, two polythiophenes with N3-end group 
was coupled with dipentynyl malonate via copper (I) -catalysed azide-alkyne cycloaddition (CuAAC) 
reaction. The triad showed long range ordering (fibre formation) due to packing of P3HT and 
fullerenes. The introduction of our triad in organic photovoltaic devices as a compatibilizer (2.5 %) 
reduced the absolute value of PCE by about 0.5 %, but at the same time enhanced the stability of the 
results in different annealing temperatures (110-250 °C). This phenomenon is due to the rigid 
character of the triad, preventing fullerenes from the aggregation into too large islands, as it was 
proved by the morphology studies.  
   The main characteristic of the small molecule compatibilizers is the amphiphilicity, therefore similar 
triads were designed with oligo(ethylene glycol) chains (3 or 4) instead of non-amphiphilic hexyl in 
P3HT. The synthesis of the monomers was successful and in acceptable yields, whereas 
polymerisation appeared to be troublesome. 
1
H-NMR studies of the formation of Grignard species and 
the molecular calculation studies revealed the major formation of non-reactive Grignard species, 
which are stabilized by the oligo(ethylene glycol) chain wrapping around the magnesium atom. 
   Another approach to improve the morphology of the system is the usage of some alignment 
techniques, where molecular self-assembly may be the best choice. Nature offers the self-assembled 
helical structures, which hierarchy resembles the functionality properties. Inspired by the biological 
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helices and functions, the helical architectures of synthetic polymers is an attractive future challenge, 
which can provide novel functions. We have synthesized novel azide-functionalized L,L-dipeptide 
polyisocyanopeptide with C11 linker and two fullerene derivatives with long alkyl chains and acetylene 
functionalities, highly soluble in common organic solvents. The fullerenes showed similar redox 
potential (~ -3.7 eV) as PCBM, commonly used acceptor in OPVs. Two structures – PICs and 
fullerene derivatives – were coupled using common “click” chemistry. Polymers, functionalized with 
fullerenes by more than 95%, showed highly rigid rod-like structures, confirmed by AFM. The 
introduction of the polymers in photovoltaic devices as full electron acceptor layer or as a 
compatibilizer was, however, unsuccessful. By adding just 10 % of the material into usual 
PCBM:P3HT mixture, the efficiency dropped by almost 30 %, whereas 20 % of this polymer reduced 
the efficiency of solar cell device almost to zero. This may be explained by the electron trapping by 
the additional linkers, added to the aromatic fullerene system. Both oxyalkyl chains and oxygen atoms 
in the polyisocyanopeptide polymer were acting as electron traps. The morphology studies of polymer 
films were done using SEM and XRD techniques. It was found that a small amount of copper during 
the click reaction induces the formation of small fullerene nanowires, enhancing the crystallinity 
properties of the film. The formation of the nanowires may be one of the reasons, influencing the low 
solubility of the adjacent product of the click reaction. 
   Another trial to build hierarchical helical structures for OPV devices was done with EDOT, 
preparing helical PIC polymer with the EDOT groups at the side chains. The formation of the 
intramolecularly bound PEDOT-PIC rods, using cAFM, appeared to be troublesome. Molecular 
modelling revealed the possible formation of the oligomers that changes the distances between the 
adjacent EDOT species and, therefore, the formation of intramolecular PEDOT-PIC is impossible. 
EDOT-PIC, however, was successfully incorporated into intermolecular oligo-EDOT species, using 
chemical and electrochemical methods. In order to control over the morphology of this material, 
electrospinning was investigated. Too low solubility properties of EDOT-PIC polymer, however, 
hindered the possibility to form PEDOT nanowires using electrospinning technique, but additional 
studies with higher solubility perylene PIC or 3-ethylene glycol chains bearing PIC showed the 
potential application of formed fibres in biosensors, 3D printers, etc. 
   One more approach to enhance the PCE of OPV devices is the increase of the exciton lifetime. We 
employed the heavy iridium atom effect, which can introduce the triplet exciton. Synthesis of high MW 
polythiophene copolymers with different regioregularities was designed and successfully performed 
using two different routes: chemical oxidation with FeCl3 (regioirregular copolymer route) and 
Grignard methathesis polymerisation (regioregular polymer route). The iridium decorated copolymers 
were synthesised via click chemistry. The regioirregular copolymer with iridium showed an enhanced 
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PCE, compared to its precursor. Low PCE values of the regiorandom copolymers, however, hampered 
the positive assignment that this increase in PCE was indeed due to the internal heavy atom effect 
brought by the iridium complexes. The regioregular iridium decorated copolymer appeared to be poor 
soluble in common organic solvents, which hampered the possibilities to explore the heavy atom 
effect to the PCE of the OPV device. 
   As organic solar cells are still in development stage, there is much room for the improvements of 
recently used processing and architecture building operations, as well as in the progress of the 
synthesis of novel materials for OPVs. 
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Samenvatting 
De groei van de wereldbevolking en de industriële activiteit in combinatie met een snelle afname van 
olie, 's werelds belangrijkste energiebron, noopt de mensheid tot het zoeken naar alternatieve 
energiebronnen. De krachtigste bron van duurzame energie is zonlicht, want in een tijdsbestek van 
negentig minuten valt er voldoende zonlicht op aarde om gedurende een jaar in de energiebehoefte van 
de gehele wereld te voorzien (198 Wm
2
s
-1
 of 885 miljoen TWh per jaar). De enorme aandacht voor 
fotovoltaïsche (PV) energie komt tot uiting in de onderzoeksinspanningen die zijn gericht op het 
verbeteren van PV-apparaten (zonnecellen). De best presterende cellen bestaan momenteel uit ‘double 
junction’ cellen die gebruikmaken van geconcentreerd licht en een rendement hebben van 44,4%. Om 
de kosten van zonnecellen te verminderen en gevolgen voor het milieu te beperken, en om de 
schaalbaarheid en gebruiksmogelijkheden voor onconventionele toepassingen te vergroten, worden 
organische fotovoltaïsche cellen ontwikkeld. Het is gemakkelijk vast te stellen dat de materialen van 
de actieve laag en de zogenaamde ‘architectuur’ van de organische fotovoltaïsche cel de belangrijkste 
factoren zijn die de prestatie van de cel beïnvloeden. De controle van de morfologie op nanoschaal (de 
microstructuur van het mengsel) is essentieel, zodat wordt gegarandeerd dat alle excitonen worden 
verzameld en dissociëren en dat de vrije ladingen worden verplaatst naar hun respectievelijke 
elektroden.  
   We hebben het zeer regioregulaire poly-(3-hexylthiofeen) polymeer met een lage polydispersiteit 
index gesynthetiseerd, hetgeen voorzien was van een bromide eindgroep verkregen met polymerisatie 
volgens de GRIM-methode. Dit polymeer vertoonde hoge kristalliniteit (volgens röntgendiffractie 
gegevens). Na een eenvoudige nucleofiele substitutiereactie met natriumazide werden twee 
polythiofenen met een N3-eindgroep gekoppeld aan dipentynyl malonaat via koper (I)- gekatalyseerde 
azide-alkyn cycloadditie (CuAAC). Deze triade vertoonde ‘long- range ordening’ (‘fiber formatione’ 
of vezelformatie) als gevolg van het verpakken van P3HT en fullerenen. Het introduceren van onze 
triade in organische zonnecellen als compatibilisator (2,5%) verlaagde de absolute waarde van PCE 
met ongeveer 0,5%, maar verhoogde tegelijkertijd de stabiliteit van de resultaten in verschillende 
annealings temperaturen (110-250°C). Dit verschijnsel is een gevolg van de rigide aard van de triade 
waardoor wordt voorkomen dat fullerenen aggregieren tot te grote eilanden, zoals bleek uit de 
morfologiestudies. 
   Het voornaamste kenmerk van de laagmoleculaire compatibilisators is de amfifiliciteit. Daarom, zijn 
soortgelijke triades ontworpen met oligo (ethyleenglycol) ketens (3 of 4) in plaats van niet-amfifiele 
hexyl in P3HT. De synthese van de monomeren was succesvol en de rendementen waren 
aanvaardbaar, maar de polymerisatie bleek lastig te zijn. Uit 
1
H-NMR studies van de formatie van 
Grignard- soorten en de moleculaire berekeningsstudies bleek de grote formatie van niet-reactieve 
Grignard-soorten, die worden gestabiliseerd door de oligo (ethyleenglycol) keten die zich om het 
magnesiumatoom wikkelt. 
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   Een andere benadering om de morfologie van het systeem te verbeteren is het gebruik van een aantal 
alignmenttechnieken, waarvan moleculaire zelfassemblage mogelijk de beste keuze is. In de natuur 
komen zelf-geassembleerde spiraalvormige structuren voor, waarvan de hiërarchie overeenkomt met 
de functionaliteit eigenschappen. Met de biologische spiralen en functies als uitgangspunt, formatie 
van de spiraalvormige architectuur van synthetische polymeren een aantrekkelijke uitdaging voor de 
toekomst is, die nieuwe functies kan bieden. We hebben nieuwe azide-gefunctionaliseerde L,L-
dipeptide polyisocyanopeptide met C11 ‘linker’ en twee fullereenderivaten met lange alkylketens en 
acetyleenfunctionaliteiten gesynthetiseerd, welke zeer goed oplosbaar zijn in gangbare organische 
oplosmiddelen. De fullerenen vertoonden hetzelfde redoxpotentiaal (~ -3,7 eV) als PCBM, een vaak 
gebruikte acceptor in organische fotovoltaïsche cellen. Twee structuren - PICs en fullereenderivaten - 
werden aan elkaar gekoppeld met behulp van gangbare klikchemie. Polymeren die meer dan 95% 
gefunctionaliseerd waren met fullerenen vertoonden een zeer rigide staafachtige structuur, hetgeen 
werd bevestigd met tastmicroscopie (AFM). Het introduceren van de polymeren in zonnecellen als 
volwaardige elektron-acceptorlaag of als compatibilisator was echter geen succes. Door toevoeging 
van slechts 10% van het materiaal aan een gebruikelijke P3HT:PCBM  mengsel, daalde het rendement 
met bijna 30%, terwijl 20% van dit polymeer het rendement van de zonnecel tot bijna nul reduceerde. 
Een mogelijke verklaring is het vangen van elektronen door de bijkomende ‘linkers’, welke zijn 
toegevoegd aan het aromatische fullereensysteem. Zowel oxyalkylgroepen als zuurstofatomen in het 
polymeer  polyisocyanopeptide fungeerden als elektronvangers. De morfologie studies van die 
polymeerfilms werden uitgevoerd aan de hand van SEM- en XRD- technieken. Het bleek dat een 
kleine hoeveelheid koper tijdens de klikreactie leidt tot de vorming van kleine fullereen-nanodraden, 
die de kristalliniteit-eigenschappen van de film verbeteren. De vorming van nanodraden kan een van 
de oorzaken zijn van de geringe oplosbaarheid van het aangrenzende product van de klikreactie. 
   Een andere proef om hiërarchische spiraalvormige structuren voor organische zonnecellen te 
bouwen werd gedaan met EDOT, waarbij spiraalvormige PIC-polymeren met EDOT-groepen aan de 
zijketens werden geprepareerd. De vorming van de intramoleculair-gebonden PEDOT-PIC staven met 
behulp van CAFM bleek lastig te zijn. Uit moleculaire modellering bleek de mogelijke formatie van 
oligomeren waardoor de afstanden tussen de aangrenzende EDOT-soorten worden veranderd. Daarom 
is de vorming van intramoleculaire PEDOT-PIC verbindingen niet mogelijk. EDOT-PIC verbindingen 
werden echter wel met succes opgenomen in intermoleculaire oligo-EDOT-soorten met behulp van 
chemische en elektrochemische methoden. Om controle over de morfologie van dit materiaal te 
bereiken, werd het elektrospinproces onderzocht. Vanwege te geringe oplosbaarheids eigenschappen 
van het EDOT-PIC polymeer werd de vorming van PEDOT-nanodraden met behulp van de 
elektrospinningtechniek belemmerd, maar uit aanvullende studies met PICs met een grotere 
oplosbaarheid (peryleen-PIC en PIC met 3-ethyleenglycol ketens) bleek de mogelijke toepasbaarheid 
van de gevormde vezels voor biosensoren, 3D-printers enzovoort. 
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   Nog een benadering om de PCE van organische zonnecellen te verbeteren is de verhoging van de 
exciton-levensduur. We gebruikten het zware atoom effect van iridium, waardoor het ‘triplet’ exciton 
kan worden geïntroduceerd. De synthese van polythiofeen-copolymeren met een hoog moleculair 
gewicht en verschillende regioregulariteiten werd ontwikkeld en met succes uitgevoerd met behulp 
van twee verschillende routes: chemische oxidatie met FeCl3 (de regio-irregulaire polymeer-route) en 
de Grignard methathese polymerisatie (de regioregulaire polymeer-route). De copolymeren die zijn 
‘ingericht’ met iridium werden gesynthetiseerd met behulp van klikchemie. Het regioregulaire 
copolymeer met iridium liet een hogere PCE zien, vergeleken met de voorloper. Lage PCE-waarden 
van de ‘regiorandom’ copolymeren maakten een positieve aanname dat de hogere PCE inderdaad  een 
gevolg was van het interne zware atoomeffect van de iridium-complexen minder waarschijnlijk. Het 
regioregulaire copolymeer dat was ‘ingericht’ met iridium bleek slecht oplosbaar te zijn in gangbare 
organische oplosmiddelen, waardoor de mogelijkheden om het zware atoom effect op de PCE van de 
organische zonnecel te onderzoeken werden belemmerd. 
   Organische zonnecellen bevinden zich nog in de ontwikkelingsfase, en daarom is er nog veel ruimte 
voor het verbeteren van recent gebruikte verwerkingsactiviteiten- en ‘bouwactiviteiten’ wat betreft de 
architectuur. Dit geldt ook voor de ontwikkeling van de synthese van nieuwe materialen voor 
organische zonnecellen. 
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